Synthesis and characterisation of some molybdenum complexes and their use as epoxidation catalysts by Fernandez, Anil Thomas Anthony
SYNTHESIS AND CHARACTERISATION OF SOME MOLYBDENUM 
COMPLEXES AND THEIR USE AS EPOXIDATION CATALYSTS
ANIL THCM^ ANTHONY FERNANDEZ
This Thesis i s  subm itted in  candidature  fo r  the  
degree o f Doctor o f Philosophy 
o f the U n iversity  o f  London
Bourne Laboratory
September, 1986 Royal Holloway and Bedford New College
ProQuest Number: 10090116
All rights reserved
INFORMATION TO ALL USERS  
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
uest.
ProQuest 10090116
Published by ProQuest LLC(2016). Copyright of the Dissertation is held by the Author.
All rights reserved.
This work is protected against unauthorized copying under Title 17, United States Code.
Microform Edition ©  ProQuest LLC.
ProQuest LLC 
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106-1346
ABSTRACT
With the aim o f inducing asymmetric ep ox idation , the m etal ca ta ly sed  
epoxidation o f alkenes and su b s ti tu te d  alkenes using  te r t - b u ty l  hydro­
peroxide and various molybdenum c a ta ly s ts  have been s tu d ied .
In Chapter I ,  the  sy n th esis  o f various c is  dioxomolybdenum complexes 
from 2 ,4-pen tan  edione dioxomolybdenum by re a c tio n  w ith  various racemic 
and c h ira l  d io l ligands and amino a lcoho ls  i s  d escribed . Under more 
vigorous re a c tio n  co n d itio n s, c is  dioxomolybdenumCVT)complexes were 
dim erised giving complexes w ith a 0.j.Mo0|^ Mo0.^  core. The re a c tio n s  o f 
L -h is tid in e  with molybdenum hexacarbonyl and molybdenum(VI) oxide afforded  
the potassium  s a l t s  o f  tr ic a rb o n y l-L -h is tin a to  and h i s t i d in a to t r i -  
oxomolybdate (VI) re sp e c tiv e ly . The complexes were c h a ra c te r is e d  by 
and ^^C nmr spectroscopy.
In G iap ter I I ,  k in e tic  d a ta  i s  p resen ted  fo r  th e  m etal ca ta ly sed  
epoxidation  o f 1-decene and 1 -dodecene a t  70° using  various molybdenum 
c a ta ly s ts  and te r t - b u ty l  hydroperoxide. Reactions w ith  equim olar 
co n cen tra tions and a te n -fo ld  excess o f o le f in  to  te r t - b u ty l  
hydroperoxide were c a rr ie d  o u t. A p o ss ib le  mechanism i s  proposed.
Cliapter I I I  d ea ls  w ith th e  asymmetric epoxidation  experim ents 
c a r r ie d  out using  the molybdenum c a ta ly s ts  syn thesised  from c h ira l  
lig an d s. G eranio l, 3 -m ethy l-2 -bu tene-l-o l and 1-methyl cyclohexene 
were epoxidised w ith varying degrees o f  success. The h ig h est 
enantiom eric excess achieved was 85% fo r  3-m ethyl- 2-bu tene- 1 -o1 oxide 
using  cis-B is^phenyl e th a n e -1 ,2 -d io la to )  dioxomolybdenum (VI). Epoxy 
a lco h o ls  were reac ted  w ith  (-)-a -m eth o x y -a-triflu o ro m eth y l phenyl a ce ty l 
ch lo rid e  to  give the corresponding e s te r s ,  enabling  enantiom eric excess 
to  be c a lc u la te d  by nmr. Reactions c a r r ie d  out a t  d if f e re n t  
tem peratures showed v a r ia tio n s  in  enantiom eric excess - a h igher 
enantiom eric excess being obtained  a t lower tem perature .
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Ü iapter I
SYNTIESIS AND CHARACTERISATION OF 
MOLYBDENUM COMPLEXES
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CHAPTER I SECTION 1
I . l  INTRODUCTION
Tlie in te r e s t  in  molybdenum cen tres  in  th e  oxomolybdoenzymes has
been covered by various reviews^ th e i r  in te r e s t  in  th i s  work stems
from th e  success o f molybdenum as an epox id ising  c a ta ly s t^  *^ .
The s tru c tu ra l  chem istry o f Mo (VI) i s  dominated by the  presence
o f 0 X 0  groups bound to  molybdenum. These oxygen atoms u t i l i s e  sigma
and p i donation to  produce a strong  (m ultip le) Ma-0 bond. Many
compounds o f  Molybdenum -(V) and -(VI) a re  derived  from oxo species
w ith one o r more oxygen atoms as bri<Agin9 ligands ( i . e .  bonded
to  two molybdenum atoms) An e s s e n t ia l  fe a tu re  i s  m u ltip le  bonding
between the  oxygen atom and the metal atom. A d e ta ile d  review  by
M itchell catalogues various s tru c tu ra l  and p h y sica l measurements o f
u
0 X 0  sp ecies  o f  molybdenum V and VI.
V ib ra tio n a l spectroscop ic  inform ation on th e  oxomolybdenum
complexes showed the strong  m etal oxygen ab so rp tio n s s tand ing  out from
the ligand  bands, the type o f  metal-oxygen core being id e n t i f ia b le
from the  sp e c tra l  fe a tu re s . The c is-d io x o  Nfo02 group gives two strong
bands a t  900-950 cm~^, th e  c is - tr io x o  MbO% gives two bands in  th e  range
-1800-900 cm~  ^ and Lb-O-^^b bridge v ib ra tio n s  a t  700-800 cm
fkb-0 and O-hb-0 bond d is tan ce  values were catalogued from 
re lev a n t c ry s ta l  s tru c tu re  determ inations . I 'b s t o f  th e  compounds 
d e a lt  w ith involved molybdenum in  the  o x id a tio n  s ta te  +6 o r +5.
Schroder e t  a l^^  ch a ra c te r ise d  c is -B is  [z-hydroxyethyl-l-oxoj 
dioxomolybdenum (V I), the f i r s t  known alkoxide o f  Nb (VI) w ithout a 
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Fig. 1.1(2) shows the m olecular packing in  th e  u n i t  c e l l  o f  c is -B is  
^butane-2 ,3-diolatoJdioxomolybdenum VI-Butane 2 ,3 d io l ( l : 2)^^. The 
c ry s ta l  s tru c tu re  c o n s is ts  o f  molecules o f 0 1^oO2 [oCH(CH^)CH(CH^)OH]2]each  
surrounded by two molecules o f  2 ,3-butane d io l which a re  a ttach ed  by 
hydrogen bonds to  the  molybdenum complex and a lso  lin k ed  by hydrogen 
bonds to  the neighbouring 2,3-butane d io l molecule, th e  ex tensive  
hydrogen bonding re su lt in g  in  a layered  s tru c tu re .
k
Fig. 1 . 1 (2)
15
A c ry s ta l  s tru c tu re  determ ination  o f  y-Oxo-Bis^[2 ,3-dim ethyl-
2 ,3-butane d io la to (1-)J [ 2 , 3-dim ethyl- 2 , 3-butane d io la to ( 2-)]Joxo- 
molybdcnum (VI) , Fig. 1 .1 (3 ) , has e s ta b lish e d  th a t  each molybdenum atom 
is  coordinated  to  two b id en ta te  lig an d s , one o f  which is  s in g ly  d ep ro t- 
onated and the o th er doubly dep ro tonated ; two in tram o lecu la r hydrogen 






h h ile  the  s tru c tu ra l  d a ta  on and Mo  ^ complexes using  in f r a ­
red and X-ray i s  q u ite  w ide-spread, th e  c h a ra c te r is a tio n  by n u c lea r 
magnetic resonance spectroscopy i s  lim ite d . Wise e t  a l^ ^  s tu d ied  the  
non-equivalence o f  th e  methyl groups in  c is - B is ^2,4-pentanedionatoJ 
dioxomolybdenum (VI) by follow ing the v a r ia b le  tem perature nmr sp ec tra . 
They found th a t  a t  low tem perature two methyl resonances appeared 
uhereas in creasin g  the  tem perature le d  to  coalesence. They a t t r ib u te d  
th i s  to  rap id  co n fig u ra tio n a l changes which exchanges the  methyl 
group between th e  non-equivalent s i t e s .  From th e  d a ta  they  observed, 
they c a lc u la te d  the a c tiv a tio n  energy, th e  en thalpy  and entropy o f 
a c tiv a tio n .
The (ace ty lace tan a to ) (-)-N  alky lephedrina to  dioxomolybdenum (VI) 
complex which su cc e ss fu lly  asym m etrically  epoxid ised  v ario u s  a l l y l i c
16
alcoho ls  WQ5 ch a rac te rised  by nmr 
20Gamer e t a l reported  th a t the s tru c tu re  o f  c is -B is  [L-cysOR)2  
dioxomolybdenum (VI) was A in  the so lid  s ta t e ,  w hile in  the so lu tio n  
s ta t e ,  two isomers were observed in ca. 5:1 r a t io  by nmr spectroscopy. 
These isomers were assigned to  the the  A and A d iastereo isom ers o f the  
complex. The same group o f workers^^ ch a ra c te r ise d  c is-B is(o -m ethy l 
(S)-penicillaminatojdioxom olybdenum  (VI). X-ray da ta  gave the  A 
isomer w hile liq u id  nmr gave th e  d iastereo isom ers in  2:1 r a t io  (A:A), 
the  reverse  being the case fo r  the (R)- ligand  complex. The two 
d iastereo isom ers a re  in  dynamic equ ilib rium  and th e  nmr data  
c o lle c te d  over th e  tem perature range 297-285K gives a c tiv a tio n  
param eters fo r the  A-^ A in te r  conversion. The mechanism fo r  the in v ersio n  
o f co n fig u ra tio n  a t molybdenum is  considered  to  proceed by an i n t r a ­
m olecular p rocess , involving Nb-N bond rup tu re  follow ed by ro ta tio n  o f 
the  ligand  atoms o f the subsequent in term ed ia te  and rin g  c losu re  (Scheme
I ) .
Scheme I
M o— .. 0 
  ^
f \ i
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(Me,SO)------- M o =  0
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CHAPTER I SECTION 2
1.2 RESULTS and DISCUSSION
I . 2 . la  400.15 MHz nmr o f c i s - B i s b u tan e -2 ,5 -d io la to j 
dioxomolybdenum (VI)-D(-) Butane 2,3 d io l (1:1)
^—-Me
h ?c c h {o h ^ K o h ?c k
Fig. I.2.1Ç1)
Table I . 2 . l a  400.13 MHz ^H nmr sp e c tra  d a ta  o f
[MoO^  # H  (Œ 3) CH (013) OH] J ( h 3CCH(0H) CH (OH) CH3)
-CH m 'CH -OH
307K
Qiemical sh ift/ppm  1.38, d 4 .32 ,b  3 .84 ,b  1 .4 8 ,d  1 .33 ,b  3 .73 ,b  5 .0 6 ,s
Coupling const./H z 6 6
257K
Chemical sh ift/ppm  1 .38 ,d  4 .31 ,o  3 .83 ,o  1 .4 9 ,d  1 .3 2 ,d  3 .73 ,o  5 .53 ,o
Coupling const./H z 6 
Sample run in  CD3OD.
9.8 9.8 9.8
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llie non-equivalence o f the methyl and methine pro tons o f the 
f re e  and complexed ligand  are  shown by th e  sp e c tra  in  F ig . I . 2 .1(2) 
and F ig. 1 .2 .1 (3 ) . This non-equivalence i s  due to  th e  de sh ie ld in g  
o f the  protons by the  molybdenum atom.
In the  case o f  the  complexed lig an d , from s e le c t iv e  decoupling
1 2 the  doublet a t  1.38 ppm, ( J ^  6 Hz) i s  coupled to  CH a t
4.32 ppm giv ing  an o c te t 9.8 Hz). S im ila rly , the  broader methyl
group a t  1.48 ppm (Jq^ 6 Hz) i s  coupled to  ^CH, g iv ing  a broad
o c te t  a t  3.84 ppm.
ITie f re e  lig an d , not having the  c o n s tra in ts  o f th e  f iv e  r in g  
system , is  more c le a r ly  defined . Both the  m ethyls a re  chem ically 
eq u iv a len t, giv ing a doublet a t  1.32 ppm (J^^ 6 Hz). The methine
p ro to n s , ^CH, are  equ ivalen t g iv ing  an o c te t  a t  3.73 ppm (J^_^ 9.8 Hz), 
llie  hydroxyl peak from the  f re e  and complexed ligands average out to  
a s in g le t .  I t s  resonating  frequency, being tem perature dependent, 
moves to  h igher f ie ld  as the  tem perature in c reases  due to  th e  hydrogen 
bonds d is so c ia tin g  (a t 307 K, 5.06 ppm and a t  257 K, 5t53 ppm).
The sp e c tra , do con ta in  th ree  o th e r sm all peaks a t  1 .42 , 3.82 and 
4.19 ppm. This could be the  A d iastereo iso m er; i f  so , the  r a t io  
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1.2 .1b  100.62 MIz nmr o f c is-B is^ D (-]b u tan e-2 ,5 -d io la to j





Fig. I . 2.1(4)
Tlie nmr spectrum o f the  complex F ig. 1 .2 .1(4) a t  217 K i s  shown 
in  F ig. 1 .2 .1  (5 ). Three h ig h fie ld  methyl resonances a t  18.66 ppm,
18.93 ppm and 20.11  ppm along w ith  th re e  lo w fie ld  methine resonances 
a t  72.70 ppm, 76.27 ppm and 87.15 ppm are  p re se n t. S e lec tiv e  decoupling 
along w ith  o ff-resonance decoupling F ig. I . 2 .1 (6) was c a r r ie d  out to  
a ss ig n  the  spectrum com pletely.
Tlie assignment o f the  spectrum i s  as fo llo w s:-
























































































































1 .2 .2a 400.15 MIz H rrnir of c is-B is  ^butane-2 ,3-d io lato) 







F ig . 1 .2 .2 (1 1
Tlie spectrum, when analysed in  conjunction w ith  th a t  o f 
c is -B is  ( - ) bu tane-2 ,3-diolatojdioxomolybdenum (V I)-D (-)Butane-2,3 
d io l (1:1) (Section I . 2 .la )  confirms the  s tru c tu re  (F ig. I . 2 .2 (1 )) 
but a sc e rta in in g  d e ta ile d  data  was d i f f i c u l t .
Tlie predominant component in  the  spectrum, F ig . 1 .2 .2(2) in  
CD-OD i s  the free  ligand . hlien CD^ CN was used as so lv en t, more complex 
is  p re sen t ( c . f .  CD^ OD) - but the fre e  ligand  i s  s t i l l  dominant. This 
i s  due to  the  s o lu b i l i ty  problems posed by the  complex -  in  th is  case , 
a c e to n i t r i le  i s  more favourable than methanol.
The m u ltip le t a t  3.73 is  the methine pro ton  from the  fre e  lig an d , 
H^. IVhen decoupled, i t  co llapses the  doublet o f doublets a t  1.32 ppm 
and 1 .35  ppm which a r is e  from the  methyl group ^CH^, to  s in g le ts .
As th e  s ta r t in g  m ate ria l co n s is ts  o f D-/L- form and th e  meso-form - 
both  o f which can be d iscrim inated  by nmr, from Section 1 .2 . l a ,  the
25
methyl group from the fre e  ligand  i s  a t  1.32 ppm. From th i s ,  one 
can conclude th a t  the peak a t  1.32 ppm has to  be a r is in g  from the 
D-form and the peak a t  1.35 ppm is  th a t  o f the  meso-foim (J values in
2 7
both cases, - 6  Hz; -h   ^ Hz].
On account o f the  small amount o f complex p re se n t, the  assignment
o f the methyl groups are  no t p o ss ib le . However, w ith  the a id  o f
3 2Section I . 2 . l a ,  II gives a very broad peak a t  3.85 ppm, H , the
c h a ra c te r is t ic  ABX^  o c te t ^ 6  Hz; J  2 ^ ^ 9 .8  Hz] a t  4.30 ppm
H “H
and the hydroxyl group, a s in g le t  a t  5.36 ppm.
i f  ^CHj Hg -OH
Qiemical sh ift/ppm  * 4 .30, o 3 .85, b * (1 .32, d .d ; 3 .7 3 ,m 5 .3 6 ,s
D-form]
(1.35, d .d ; 
meso-form]
Coupling const./H z J  -6
Me-H "
3 . ~ 2  
^Ne-H
not assignable 









































1 .2 .2b 100.62 Miz rrnir o f c is-B is^b u tan e-2 , 3 -d io la to j




















Spectrum run a t 237K in  CD3OD.
Selective decoupling was used to  assign  C-1, C-4 and C-5 and 
o££-resonance decoupling to  assign  C-2, C-3 and C-6 . As in  th e  pro ton  
spectrum ,Fig. 1 .2 .2 (2 ) , the meso and D-/L- enantiom ers were d is t in g u is h ­
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1 . 2 . 3a 4 0 0 .1 3  MIz nmr o f  y - Û x o - B i s joxo [ 2 ,5 - d i m e t h y l - 2 ,5 - D C - )  
b u t a n e - 2 , 3 - d i o l a t o  (1 - ) ]  [ 2 , 3 - d i m e t h y l - 2 , 3 - D ( - ) b u t a n e - 2 ,3-  
d i o l a t o  Ç2-)]J molybdenum CVIl.
0=Mo 0 = 0 0 = Me
•  = C 0  = H
T a b le
F i g .  I . 2 . 3 ( 1 )
1 _ 1 2  3 4 
1 . 2 . 3a 4 0 0 .1 3  IHz H nmr sp ec tru m  d a ta  o f  ^^b20^-^CH(CH^)CH(Œ^)0H] 2
^CH
^ È H (& i^ )6 H (6 l^ )0 } 2 )
Q ie m ic a l  s h i f t  C o u p lin g  c o n s t ,  
(ppm) (J /H z)
4 .8 4 ;m
I n t e g r a l  H e ig h t  
1
1 . 3 0 ; d  4 3
3 .8 8 ;m 1
X 1 . 2 8 ; d  4 3
4 . 7 6 ;m 1
^ a i . 1 . 2 7 ; d  4 3
4 . 6 7 ;m 1
1 . 3 1 ; d  4 3
-OH 1 . 6 0 ; s 2
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Spectrum run a t 297K in  CDCl^.
Broad im purity  co n sis tin g  o f an o c te t a t  3.55ppm counled to  
the  doublet a t  1 . 20ppm has been assigned to  th e  fre e  d io l .
The assignment o f each b id en ta te  ligand  was made p o ss ib le  by 
s e le c tiv e  decoupling -  the re s u l ts  o f  which are  summarised below :-
i)  Decoupling a t 4.84ppm co llapses the doublet a t  1.30ppm
to  a s in g le t ,  and the o c te t a t  3 . 88ppm to  a q u a r te t,
i i )  Decoupling a t  4.76ppm co llap ses  the doublet a t  1.27ppm
to  a s in g le t ,  and the o c te t a t  4.67ppm to  a q u a r te t .
i i i )  Decoupling a t  4.67ppm co llapses the doublet a t  1 .31ppm
to  a s in g le t ,  and the o c te t a t  4.76ppm to  a q u a r te t ,
iv) Decoupling a t  3 .88ppm co llapses the  doublet a t  1.28ppm
to  a s in g le t ,  and the  o c te t a t  4 .84ppm to  a q u a r te t,
v) Decoupling a t  3.55ppm co llapses the doublet a t  1.20ppm
to  a s in g le t .  These two peaks were assigned as im p u rities
a r is in g  from free  butane 2,3 d io l .
The c h a ra c te r is i tc  ABX^  peak p a tte rn s  o f  th e  methine protons was 
s im ila r  to  those found in  the spectrum o f the monomer, d iscussed  in  
1 .2 .1 a . Amongst our e a r l ie r  find ings in  the  case o f the  monomer, the 
methine proton adjacent to  th e  hydroxyl group was found u p f ie ld  
compared w ith  th e  methine proton adjacent to  the  oxygen bonded to  the
3
m etal. Therefore the proton a t 3.88ppm i s  CH. From the s e le c tiv e  
decoupling r e s u l ts  summarised in  ( i)  and (iv) the proton a t  4.84ppm 
must be th a t  o f ^Ql.
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S im ila rly , in  the case of the  o th er b id en ta te  lig an d , ^CH, 
i s  hydrogen bonded to  the -OH. This could in  e f fe c t  increase  the 
e le c tro n  d en s ity  and w ith i t  the sh ie ld in g  a t  the  p ro ton  due to  the  
in te ra c t io n  o f  the free  e lec tro n  p a ir  o f  the  oxygen atom. Using the 
same ra tio n a le  as above, ^CH is  the pro ton  a t  4.67ppm and the  decoupling 
r e s u l ts  summarised in  ( i i )  and ( i i i )  in fe r  th a t  th e  p ro ton  a t  4.76ppm 
i s  ^ a i.
F in a lly , the assignment o f the methyl groups follow s d i r e c t ly  
from tlie s e le c tiv e  decoupling experim ents.
>to
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I . 2 .3b 100.62 MIz nmr o f p-Oxo-Bis ^ x o [2 ,3-dim ethyl- 2 ,5-D(-)
b u ta n e -2 ,3 -d io la to (l- ) l [2 ,3 -d im eth y l-2 ,3 -D (-)b u tan e-2 ,3 -d io la to  
( 2 - |  molybdenum [VI].
0 = M o  0  = 0  G = Me 
•  = C © = H
Fig. I . 2.3(3)
13,The C spectrum o f Fig. 1 .2 .3 (3 ) shorn in  Fig. I . 2 .3(4) has
fiv e  h ig h fie ld  methyl peaks along w ith  f iv e  lo w fie ld  methine peaks.
The f re e  d io l im purity  found in  the  spectrum is  apparent in  the
spectrum (CH^, 19.35ppm; CH 7 2 .SOppm). However, to  assign  the  C
atoms, a 2D h etero n u clear nmr spectrum i s  necessary  and the
ra tio n a le  used in  the  assignment o f  th e  spectrum (sec tio n  1 . 2 . 3a)
ap p lied . Fig. I . 2.3(5) shows the  c o r re la t io n s  o f the methyl
1 13reg ion  and Fig. 1 .2 .3 (6 ) shows the  H- C c o r re la t io n s  o f the  methine 
reg ion . IVhat does no t show up in  these  two sp ec tra  F igs. I . 2 .3(5) and
35
13 1Fig. 1 .2.3(6) is  the d io l im purity  found in  C and H sp ec tra  o f
th is  complex
The assignment o f the  spectrum is  as follow s











































I  I I L.
1.20 1.23 1.26 1.29 1.32 U 5
PPM
1 13Fi g. 1 .2 .3  (5) 2D H eteronuclear H- C nmr spectrum o f
Vi-Oxo-Bis^oxo |2 ,3 -d im eth y l-2 ,3 -D (-)-2 ,3 - 
d io l a to ( l - ) ] [2 ,3 -d im ethy l-2 ,3 -D (-)bu tane-2 ,3  
d io la to  (2-^^ molybdenum (VI) showing the 






1 .2 .4  400.15 MIz nmr o f y -Oxo-Bis^oxo [2 ,5-dim ethyl- 2 ,5-butane
-2 ,5 d io la to r i- ) ]  [2 ,5 -d im ethy l-2 ,5 -bu tane-2 ,5-d io latoC 2-)j| 
molybdenum (VI) .
0  = 0  O = Me 
•  =C Q =H 
Fig. I . 2.4(1)
From sec tio n  I .2 ,5 a ,  the  methine protons co n sis ted  o f  four d if f e re n t
chemical environments w ith each s i t e  having an in te g ra l  o f  two. This
i s  due to  the  co n fig u ra tio n  o f a l l  the b id e n ta te  ligands being the
same -  the  molecule having a ro ta tio n a l  symmetry along the bridged
oxygen. However, using the racemic d io l as lig an d  changes the
c o n fig u ra tio n  o f the  lig an d s. From the c ry s ta l  s tru c tu re  o f  y-Oxo-Bis
r  [2 ,5 -dim ethyl -but ane-2 , 5d io la to  (1-)] [2 ,5 -d im ethy l-bu tane-2 ,5 -d io la to  (2 -^  
16,22
molybdenum (VI) , one ligand  i s  assigned  to  the  b is  (RR) o r  A
ab so lu te  co n fig u ra tio n  w hile the  o th e r lig an d  i s  assigned  to  th e  b is  (SS) 
(A c o n fig u ra tio n ) . The hydrogen-bonded so lv a te  d io l m olecules a re
40
e n t i r e ly  o f the meso (RS) type.
Considering Fig. I . 2 .4 (2 ) , the so lv a te  d io l molecules are assigned 
RS - th i s  means th a t  one o f th e  b id en ta te  ligands has to  be b is  (RR) and 
the  o th e r b is  (SS). A rb ita r i ly  assign ing  r in g  1 as RR, r in g  2 and 3 as 
RS and rin g  4 as SS, from the  spectrum o f  the  complex ( F ig . I .2 .4 (3 )) the
1 C H ,  . ,  ,0
H 3 C w / _ V ^ H  H ;  / H ,
 - O A .
Q “y?------------- o ------------- Mo O
................'A t v
Fig. I . 2.4(2)
peak p a tte rn s  o f the methine protons a t  S.Slppm and 4.93ppm are  
s im ila r ,  hence these  are  assigned  as the mes;o (RS) type. I t  i s  
no t p o ss ib le  to  s p e c if ic a l ly  assig n  e i th e r  o f  th e  meso b id en ta te  
lig an d s . From the  model o f  the  s tru c tu re  and F ig. I . 2 .4(2) , the  
methyl groups in  the b is  (RR) co n fig u ra tio n s , r in g  1, are more 
sh ie ld ed  when compared to  th e  methyl groups in  th e  b is  (SS) co n fig ­
u ra tio n  -  hence, the methine peak a t  3.S2ppm i s  th a t  o f  the b is  (RR)
co n fig u ra tio n . This leaves the  doublet o f q u a r te ts  a t  5.19ppm (J 5Hz)
H-H
coupled to  the  doublet o f  q u a r te ts  a t  4.61ppm which have to  be th e  b is  
(SS) c o n fig u ra tio n  (or A abso lu te  c o n f ig u ra tio n ) .
The assignment o f th e  methyl groups was made p o ss ib le  by 
s e le c tiv e  decoupling - the  r e s u l ts  o f  which are  summarised below :- 
i )  Decoupling a t  S.Slppm co llap ses  the  doublets a t  l.Slppm  
and 1 .34ppm to  a s in g le t ,
i i )  Decoupling a t  S.19ppm c o llap se s  the  doublet a t  1 .34ppm to  
a s in g le t  and th e  doublet o f q u a r te ts  a t  4.61ppm to  a 
q u a r te t .
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i i i )  Decoupling a t  4.93ppm co llap se s  the doublets a t  1.47ppm 
and 1.43ppm to  a s in g le t ,
iv) Decoupling a t 4 .61ppm co llap se s  the doublet a t  1.39ppm 
and th e  doublet o f q u a r te ts  a t  5.19ppm to  a q u a r te t,
v) Decoupling a t  3.82ppm c o llap se s  the  doublet a t  l.lbppm  
to  a s in g le t .
From Section  I . 2 . la ,  i t  can be in fe re d  th a t  the  Ffo-O-CH(Me) group
is  le s s  sh ie ld ed  than Mo ŒICH(Me), T h is , along w ith  the d a ta  obtained
by s e le c t iv e  decoupling experiments leads to  th e  d ire c t  assignment o f 
the methyl groups fo r  a l l )  as shown below :-
Assignment o f spectrum :- 
Spectrum run a t  297K in  CDCl^.
bis(R R ), A co n fig u ra tio n
1.16ppm, 6 p ro to n s , J(6 .5H z).
11 ,^ 3.82ppm, 2 pro tons.
meso(RS)
As sa id  e a r l i e r ,  i t  i s  not p o ssib le  s p e c if ic a l ly  to  assig n  r in g  2 
o r 3. Tlie assignm ents o f r in g  2 and 3 could p o ss ib ly  be the  o th e r 
way round i . e .  could be could be and H^,
could  be re sp e c tiv e ly .
Ring 2 :-
l.Slppm , 3 p ro to n s , J(6 .5H z).
1.34ppm, 3 p ro to n s , J(6 .5H z).
S.Slppm, 2 p ro tons.
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Ring 3 :-  
12
C 1.47ppm, 3 p ro to n s , J(6.5Hz)
1.43ppm, 3 p ro to n s , J(6.5Hz)
11 9
H ,H 4.93ppm, 2 p ro tons.
B is(SS), A C onfiguration
1 .34ppm, 3 p ro to n s , J[6.5Hz)
1.39ppm, 3 p ro to n s , J(6.5Hz)
5.19ppm, 1 p ro to n , J(5Hz)
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1 . 2 .5a 400.15 Miz nmr o f S(+)Propane 1 ,2  -d io l
1 21 3
HoC—  C — C — H
5
HO H
Fig. 1 .2 .5 (1)
chemical s h i f t /  
ppm
CH.
0 .9 3 ,d
coupling const. . .  
Hz.
In te g ra l H t/U nits 3
^CH 
3 .6 5 ,m 3 .18,m; 
3.34,m
'OH 'OH
4 .6 7 ,t  4 .5 9 ,d
2.5
Spectrum run a t  297K in  CDCl^.
The broadening o f the spectrum a t  room tem perature i s  due to  
th e  v is c o s i ty  o f  th e  d io l .  Tlie l in e  w idth could be improved i f  the 
sample were e i th e r  heated  or d ilu te d . The asymmetric carbon atom 
makes the d ia s te re o to p ic  pro tons non-equ ivalen t. The p u r ity  o f  the 
syn thesized  compound is  shown up by the hydroxyl peaks; in s te ad  o f  a 
s in g le t ,  th e re  is  a t r i p l e t  (possib ly  a doublet o f  doublet?) re so n a tin g  
a t  4.67ppm a r is in g  from coupling to  ^CH  ^ and a doublet a r is in g  from 




























Fig. 1 .2 .5 (3)




5.55chemical sh ift/ppm  1 .31 ,d  3 .9 3 ,m
coupling coust./H z  6.3
Spectrum run a t 257K in  CD^ OD.
The methyl group gives the expected doublet w ith a coupling o f
6 .3  Hz. As the ligand  con ta in s an asymmetric carbon atom, the
magnetic equivalence o f neighbouring protons can be destroyed by i t s
presence. This can be explained by considering  the conform ations 






Fig. 1 .2 .5 (4 )
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From Fig. I . 2 .5 (4 ) , i t  can be seen th a t  and i f  are  always 
lo ca ted  in  d if f e r e n t  chemical environments. Even i f  the  populations 
o f  the  th re e  rotam ers I ,  I I  and I I I  are  eq u a l, which is  g en era lly  
not the  case , the  non-equivalence between and f  rem ains, because 
o f the  presence o f the  group 0 , the  resonance frequencies v^(I) f  V g(III) 
V gd) /  v ^ (II)  andy^(II) /  v ^ ( I I I ) .
The non-equivalen t o r d ia s te re o to p ic  p ro tons i f ,  f  would be 
expected to  give a doublet o f doub le ts. In s tea d , we have a doublet 
(6 .4  Hz). The reason fo r  th is  could be due to  th e  s h i f t  d iffe ren c e  
not being g rea t enough - hence Vvliat we have is  an overlap  o f the  two 























1.2.5c 400.15 MHz l^inmr of cis-Bis^propane-1,2-diolatoj
dioxomolybdenum ÇVI1
Fig. I . 2 .5(6)
■QF
aicm ical sh ift/ppm  
Coupling co n st. Hz 











Since racemic propane 1 ,2 -d io l was used as the lig an d , complexing 
o n to t l ie  m etal could be o f the RR, SS, RS or SR co n fig u ra tio n .
RR and SS would no t be d is tin g u ish ed  by nmr spectroscopy however, RS 
(or SR) would be d is tin g u ish ed  from RR and SS.
Tlie nmr spectrum fo r  F ig. 1.2 .5(6) was s im ila r  to  c is -B is (s (+ )  
propane- 1 , 2 ,diolato^dioxomolybdenum (V I), F ig. 1 .2 .5 . (5 ). From t h i s ,  
we can in fe r  th a t  the ligand  complexed in  th e  RR or SS co n fig u ra tio n .
Tlie diem ical s h i f t  fo r  the hydroxyl proton v a r ie s  w ith  the value 
ob ta ined  in  Section L.2.5b because o f in term o lecu lar hydrogen bonding.
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I.2.5d 100.62 MIz nmr of cis-Bis(s(+)propane 1,2-dialatoj
dioxomolybdenum [VI].
O
Fig. I . 2.5(7)




Spectrum run a t  237K in  CD^ OD.
At room tem perature, C-2 and C-3 are  u n reso lvab le . Lowering the 
tem perature , sharpens the peaks; the  assignm ents o f the  methine and 
methylene carbons are confirmed by the d is to r t io n le s s  enhancement by 














































































1 .2. Se 100.62 Mlz C nmr o f  c is -B is  p ro p a n e -1 ,2-diolato1dioxomolybdenuni 
(VI).
O
/  / ' - H
? /■
O —  h  — HO
c
C





Spectrum run a t  237K in  CD^ OD.
The chemical s h i f t s  are  in  agreement w ith  those obtained  using  
the c h ira l  ligand  (see Section I .2 .5 d ) .  The reason as to  why th is  
i s  the case has been s ta te d  in  Section I . 2 .Sc.
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Fig. I . 2.6(1)
'CH,
Chemical shift/ppm  
Coupling const. Hz
3 .8 6 ,m
-OH
5.07 ,s1 .36 ,d  4.08,m 1.85,m
6.2
The spectrum confirms the suggested s tru c tu re  in  Fig. I . 2 .6(1) but 
in  o rder to  get accurate  chemical s h i f t  and coupling constan t v a lu es , 
computer sim ulation  is  needed. The com plications a r is e  due to  the  la rg e  
number o f n u c le i p resen t which lead  to  complex sp in  system s, making the 
f i r s t  o rder an a ly sis  d i f f i c u l t .
Due to  the  c h ira l  cen tre  a t  C-2, the  d ia s te re o to p ic  protons a re  non- 
eq u iv a len t. Tlie expected s ix  sp in  system (A^BB^C) ought to  be s p l i t  
in to  s ix tee n  l in e s ;  in s tead , th e re  i s  a very  broad m u ltip le t.
CH
Fig. I . 2.6(2)
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Fig. I.2.6(2) is probably the most favourable projection. From
the spectrum Fig. 1.2.6.(5), the major coupling is from the methyl
group (J = 6.2 Hz). The d if fe re n t  d ih ed ra l ang les , between H^,H^
C 3and II ,H are  bound to  make th e  v ic in a l  couplings, J ,  between
3 3 23,24
‘JijCiiB and d if f e re n t  . Approximate values from the  spectrum
make ^dj^QjB ~ 2 Hz and ^djjCj^ B 10 Hz.
The d ia s te re o to p ic  protons have d if f e r e n t  chemical s h i f t s ,  th i s  
i s  seen on the spectrum Fig. I . 2 .6(5) which has an asymmetric p a tte rn . 
The c h a r a c te r is i tc  AP! BB* system, showing the ’ro o f e f f e c t ’ and
symmetry about the cen tre  i s  seen in  th e  -CH2O case . This im plies th a t
the  tra n s  conformation Fig. I . 2 .6(3) i s  favoured. The gauche 
conform ation Fig. I . 2 .6 (4 ) , is  le s s  s ta b le  and i s  more l ik e ly  to  conform 


























o   l - 'o
\ h 2
Fig. I . 2.6(6)
C-1 C-2 C-3 C-4
Chemical sh ift/ppm  24.06 66.56 42.76 60.67
Amongst our e a r l i e r  find ings in  th e  case o f  ^^C spectrum o f 
c is -B is  ^S(+)propane-l,2-diolatoijdioxomolybdenum (V I), w ith  the  a id  o f 
DliFl’, Fig. 1 .2 .5  (9 ) ,we concluded th a t  the -CH2O group was more sh ie ld ed  
than the  -ŒIO group. Therefore, the  C-2 carbon in  F ig. 1 .2 .6(6) i s  a t  
66.56 ppm and the  C-4 a t  60.67 ppm. C-1 i s  in  the  expected reg ion ; 


























1 .2 .7  50.1 MIz CP/MAS NMR spectrum o f c is-B is |s(+ )2 (-)am in o -
1-phenyl ]1ropanc-l,5-diolatojdioxomolybdenum (VI).
o   / b  — H
\ h 2
° \ 3  3 c h (NH2]
Cf^h)
Fig. I . 2.7(1)
The CP/MAS nmr spectrum revealed  sev era l spinning sidebands 
marked SSB. The chemical s h i f t s ,  assignm ents, and percentage 
in te g ra te d  in te n s i t ie s  a re  as follows
Chemical sh ift/ppm  Assignment % In teg ra ted  in te n s i ty
20.5 a l ip h a tic  carbon] ^
50.7 im purity  J 5 - 2
60.5 methylene carbon, C-l)
)  30 ± 5
62.9 amino-carbon, C-2 J
90.4 methine carbon, C-3 1 4 - 3
129.2 Aromatic C-H 35 -  S
140.8 Aromatic C carbon 1 6 - 3
SSB from Aromatic C-H
% 178 ppm, 80 ppm, ^  32 ppm
SSB from Aromatic C 
% 189 ppm, 'v 92 ppm, ^  44 ppm.
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The broad l in e  a t 62.9 ppm is  assigned to  th e  amino-carbon as i t  
i s  broadened by d ip o la r  in te ra c tio n . The r a t io  o f Aromatic
C-M to  Aromatic C, in  r e la t io n  to  the  m olecular formula ought to  be 
5 :1 ; wliat we have is  a r a t io  o f 2 .2 :1 . This could be explained by lo ss  
o f  in te n s i ty  in  the  SSB. The tru e  in te n s i ty  o f the  peak c o n s is ts  o f 
the summation o f a l l  the in d iv id u a l SSB and th e i r  ad d itio n  to  the  
c e n tra l  peak. The values quoted, do not included th e  in te n s i t ie s  
lo s t  in  SSB.
25Tlie em pirica l param eters quoted by Wehrli e t  a l  fo r  Benzyl 
a lco h o l, Fig. I . 2 .7 (2 ) , were as fo llo w s:-
CHgOH c-1 140.5 ppm
C-2, C-6 127.5 ppm
g C-3, C-5 128.5 ppm
C-4 127.5 ppmO
Fig. I . 2.7(2)
The d iffe re n c es  in  chemical s h i f t  between th e  o rth o , meta and para  
Aromatic C-H are  only 1 ppm. Tlie s h i f t  values obtained  fo r  th e  Phenyl 
group are  in  general agreement w ith  these  d a ta . From t h i s ,  one can 
in fe r  th d tth e  f iv e  Aromatic C-H atoms f a l l  under th e  broad peak a t
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Fig. I . 2 .8 (1 ).
The potassium  s a l t  o f tr ic a rb o n y l-L -h is tid in a to  complex o f
26
molybdenum was f i r s t  iso la te d  by Beck e t  a l  who quoted no NMR data. 
13Tlie 100.61 MIz C spectrum shoim in  Fig. 1 .2 .8(2) was assigned as 
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Fig. I . 2 .8(3)









1 .2 .8 c  26.08 MIz ^^Mo nmr o f Potassium tr ic a rb o n y l-L -H is tid in a to
Molybdenum (V I).
Tlie ^^Mo spectrum Fig. 1 .2 .8(4) gave a s in g le t  a t  782ppm 
(referenced  to  ex te rn a l Molybdenum hexacarbonyl).
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Fig. I . 2 .8(4) 26.08 Miz Mo mnr spectrum o f Potassium tr ic a rb o n y l-
L -H istid ina to  Molybdenum (VI) ( re f .  to  ex te rn a l Mo(Co)^)
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1 .2 .9  400.13MIz H nmr o f  Potassium h istid in a to trio x o m o ly b d a te  VI
- Water (1 :1 ).
+
HN —  CH
/  W
HC C - CH,
I
0 ^  l ^ o - c
CH
0
Fig. I . 2.9(1)
From the sp ec tra  Fig. I . 2.9(2) o f  th e  complex in  D2O, th e re  is  
an equ ilib rium  th a t  e x is ts  between th e  complex and th e  fre e  ligand  
which i s  summarised in  Eqn. I . 2 .9 (1 ).
2 HgO -f- K
4-
HN —  CH
5 /  I
HC C-> 




HN —  CH
4 /  ^
HC C ^  
M oO jO H ”  '^ n '^  ^
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The complex, as expected, bu t u n lik e  the fre e  ligand  does not show 
any v a r ia t io n  in  chemical s h i f t  w ith  pD Table 1 .2 .9 .(1 )  .
P ro tonation  o f the  conplex leads to  i t s  d is so c ia tio n . In free  
h is t id in e ,  a t  low pH (ac id ic  s o lu tio n ) , both  b a s ic  s i t e s  are  p ro tona ted , 
however, a t  high pH (a lk a lin e  s o lu tio n ) , both  are  fre e  - th is  is  
rep resen ted  by Eqn.1 .2 .9 (2) below :-
N —  CH
t ;  ■ ■ ^
0 - C . 3 I
0 — C ^ Q
H is tid in e  (Base) P rotonated H is tid in e
Eqn. 1 .2 .9  (2) (Acid)
Tliis is  c le a r ly  seen by nmr, and is  recorded in  th e  chemical 
1 2s h i f t s  fo r  H and H Table I . 2.9(1) which move u p f ie ld  in  more b as ic  
so lu tio n s . The v a r ia t io n  in  chemical s h i f t  value i s  due to  th e  charge 
d e fic ien cy  in  the im idazole r in g  th a t  accounts fo r  le s s  sh ie ld in g  in  
a c id ic  so lu tio n s .
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___ i i J ' ________
7.0 5.08.0 6.0 P P M 3.04 .0
Fig. I . 2 .9 .2 400.13 MIz H nmr spectrum o f Potassium H is tid in a to tr io x o ­
molybdate (VI) - Water in  D2O a t a) pD = 8.35 b) pD = 6.95
c) pD = 6.35
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g-IAPTER I SECTION 3 
1 .3 .1 . P u r if ic a tio n  o f Reagents
A c e to n itr i le  was d rie d  by shaking w ith  m olecular s ieves (type 4A), 
f i l t e r e d ;  and then refluxed  w ith calcium  hydride u n t i l  no fu r th e r  
hydrogen was evolved. The a c e to n i t r i le  was then d i s t i l l e d  and s to red  
under n itro g en .
Benzene was d ried  w ith sodium w ire , d i s t i l l e d  under n itro g en  and s to red  
over m olecular sieves (type 4A).
Chloroform was d ried  over m olecular sieves (type 4A].
D iethyl e th e r  was d rie d  w ith sodium w ire.
D iols used as lig an d s . A ll the d io ls  were d ried  by re flu x in g  w ith  
calcium  hydride , u n t i l  no fu r th e r  hydrogen was evolved, then vacuum 
d i s t i l l e d .  Tlie product was then d ried  using  the  ’magnesium-iodine' 
method, vacuum d i s t i l l e d  and s to red  under m olecular sieves (type 3A) 
in  a vacuum d e s ic c a to r  over phosphorus pentoxide.
P ro p an -l-o l was d rie d  by the 'm agnesium -iodine’ method, then d i s t i l l e d  
under n itro g en  and s to red  under m olecular sieves (type 3A).
THE was re flu x ed  w ith  sodium m etal and benzophenone fo r  2 h r s . ,  then 
d i s t i l l e d  and s to red  under n itro g en .
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l.-2-am ino-l-butanol was d ried  by r e f l i i x i n o  with calcium hydride, u n til  
no fu r th e r  hydrogen evolved, then vacuum d i s t i l l e d  and stored  under 
m olecular sieves (type 3A).
1 .3 .2  General Experimental Methods
A ll glassware was thoroughly cleaned and d ried  overn ight in an 
oven. In a l l  c ases , b a ll and socket jo in ts  were used.
I . 3 .2a Procedure fo r  making d io l c a ta ly s ts
The c a ta ly s ts  were made in a 250 ml round bottomed 'Schlenk f la sk ' 
complete w ith a magnetic fo llow er. To i t  was f i t t e d  a condenser with 
a n itro g en  bubble tube (Fig. 1 .3 .2 (1 )) .  General p recau tions were taken 
to  ensure th a t  a l l  so lv en ts  were degassed and the system was kept under 
n itro g en . A fte r com pletion of th e  re a c tio n , a co ld  tra p  (Fig. I . 3 .2 (2)) 
was f i t t e d  to  the 'Schlenk f la s k ' and the  excess so lven t removed under 
vacuum.
Ï
Fig. 1 .3 .2 .(1 ) Fig. 1 .3 .2 .(2 ) Fig. 1 .3 .2 .(3 )
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The cold  tra p  was then removed from the  ’Schlenk f la s k ’ and rep laced  
by a tap  (Fig. 1 .3 .2 . (3 )) . Tlie system was then evacuated. D iethyl 
e th e r  was condensed in to  the ’Schlenk f la s k ’ under vacuum. IVhen th is  
was com pleted, the tap  was closed  and the  product s t i r r e d  in  an ice  
bath  ( th is  ensured th a t  t r i tu r a t io n  was c a r r ie d  out in  th e  absence o f 
a i r ) .
Tlie product was then f i l t e r e d  under n itro g e n , d r ie d , tra n s fe r re d  
to  a Schlenk tube and s to red  under n itro g en .
1 .3 .2b Nuclear Magnetic Resonance
A ll samples were measured on a Bruker 400 MIz spectrom eter. For
s p e c tra , samples were sealed  in  a 5 mm high p re c is io n  NMR tube
(10 mm tubes used fo r and ^^Mo). Unless s ta te d ,  th e  spectrum were
run a t  297K. Several pu lse methods were used to  s im p lify  the  assignment
27o f  the spectrum. For a review o f these methods, r e fe r  to  Benn e t  a l  . 
A ll chemical s h i f t s  are  measured in  ppm downfield from TMS.
I .3 .2 c  Cross P o la r isa tio n  Magic Angle Spin (CP/MAS) in  S o lid  S ta te  NMR
13 1In l iq u id  nmr, due to  the rap id  m olecular m otion, C - H  d ip o la r  
in te ra c tio n s  and chemical s h i f t  a n iso tro p ie s  a re  averaged to  zero .
However, in  s o lid s ,  they have to  be a r t i f i c a l l y  removed; f a i lu r e  to  do 
so , leads to  extrem ely broad linewddth.
Linewidth due to  chemical s h i f t  an iso tropy  can be removed by 
ro ta tin g  a sanple around the  a x is , making a 'magic a n g le ’ o f  54.7° w ith  
the s t a t i c  f ie ld .  This p rocess , known as magic angle spinning (MSA), 
makes th e  tim e-averaged s h i f t  te n so r  equ ivalen t in  x , y and z p lan e , 
r e s u l t in g  in  the removal o f the  an iso tropy .
H ig h -reso lu tio n  iso tro p ic  sp ec tra  in  so lid s  (comparable to  liq u id s )
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i s  ob ta in ab le  by using he te ro n u c lear d ip o la r  decoupling and MAS. The
r e la t iv e ly  small magnetic moment and low n a tu ra l abundance (1.1%) o f
13 • 13C along w ith  the long C s p in - la t t ic e  re la x a tio n  in  many so lid s  makes
the normal F ourier Transform (FT) NMR not p r a c t ic a l .  However, th i s
problem is  overcome by using  a method c a lle d  Cross P o la r is a tio n  ( C P ) ^9
F in a lly , iso tro p ic  chemical s h i f t  sp ec tra  o f  d i lu te  sp ins in  so lid s
29 31can be ob tained  by the combined techniques ’ o f  high powered 
decoupling to  remove the  h e teronuclear d ip o la r  in te ra c t io n , MAS to  
e lim in a te  chemical s h i f t  an iso tro p y , and CP method to  enhance the 
s e n s i t iv i ty .  Tlie combination o f th ese  th re e  techniques i s  o fte n  c a lle d  
CP/MAS NMR.
1 .3 .2 d  In fra -re d
In fra -re d  sp ec tra  were recorded fo r  potassium  c h lo rid e  d isc s
and n u jo l mull using  a Perkin Elmer PE 983 In fra -re d  spectrom eter.
22 I t
Knobler e t  a l and Butcher e t  a l have assigned v(Mo-O^), v(Mo-Oy-Mo)
and v(M^-Oj^) s tre tc h in g  frequencies. 0^ = term inal oxygen ; 0^  ^ = co re ­
b rid g in g  oxygen ; 0^  ^ = ligand  oxygen.
I .3 .2 e  Elemental A nalysis
C, H, N elem ental an a ly s is  were c a r r ie d  ou t on a Perkin Elmer PE240 
Elem ental A nalyser by Mrs. E. Whitaker o f th i s  Department.
1 .3 .2 f  M elting Point
M elting p o in ts  were measured using  a Gallenkamp m elting  p o in t 
ap p ara tu s .
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1 .5 .5  Experimental D e ta ils  fo r  Chapter I .
1 .5 .5a P repara tion  o f cis-B is(p(-)butane-2,5-diolatojdio:?oojnolybdenujn
(V I)-D (-)B utane2,5diol (1:1)
To f in e ly  ground ^b02(acac) 2 (5g, 9.19 mmole), was added D (-)butane
2 ,5 -d io l(1 2 m l, 151.4 mmole). A fte r s t i r r i n g  under n itro g en  fo r  1 h r a t  
75°, th e  excess g lycol was removed in  vacuo and the  resid u e  t r i t u r a t e d  
w ith e th e r ,  g iv ing a white powder; y ie ld  5.50g, (91%). R e c ry s ta llis a t io n  
from dry a c e to n i t r i le  gave a w hite powder, m.p. 102-5° goes yellow  





In fra -re d
2600-5400 cm”  ^ (broad, strong) Coordinated hydroxyl 
955 cm"l (s tro n g ); 928 cm  ^ (strong) v(^b-O^)
620 cm~  ^ (s tro n g ); 552 cm  ^ (medium) v(Ffo-O^)
1 . 5 . 5 b P repara tion  o f c is -B is (b u tan e - 2 ,5-diolato)dioxomolybdenum 
(VI) -Butane2,5 -d io l (1:2)
To f in e ly  ground Mo02(acac)2 (5g, 15.5 mmole), was added butane
2 ,5 -diol(20m l, 220.8 mmole). A fte r  s t i r r in g  under n itro g en  fo r  1 h r a t  
75°, the  excess g lycol was removed in  vacuo and th e  re s id u e , t r i t u r a t e d  
w ith  e th e r ,  g iving a w hite powder; y ie ld  was 4.9g (66%). R e c ry s ta lis a tio n  






In fra -re d
2600-2400 cm  ^ [broad, strong) Coordinated hydroxyl 
932 cm~l (s tro n g ); 918 cm~  ^ (strong) v(Mo-O^)
608 cm  ^ (medium) ; 538 cm~  ^ (medium v(Mo-O^)
1 .5 .5 c  P repara tion  o f %-Oxo-Bis (jp (-)-d im eth y l-2 ,5 -b u tan ed io la to (l-)J  
[D (-)2 ,5 -d im ethy l-2 ,5 -bu taned io lato  (2-)jjoxomolybdenum (VI)
0 .5g  (1.55 mmole) o f c is -B is  D (-)b u tan e2 ,5 -d io la to  dioxomolybdenum 
(VI)-D(-)Butane 2 ,5 -d io l (1 :1 ) , prepared by the method described  in  I . 5 .5 .a , 
was heated  under vacuum a t  70°. Tlie product formed, gave a yellow  powder ; 
y ie ld  was 0 .4g  (55%); m.p. 155-157° dec.
On co o lin g , the  product rev e rted  to  i t s  s ta r t in g  m a te ria l hence, 
th i s  c a ta ly s t  was always made in  s i tu .  The s ta r t in g  m a te r ia l was 
in so lu b le  in  chloroform  however, th e  product was extrem ely so lu b le . As 
the  compound was s ta b le  in  so lu tio n , i t  was confirmed by NMR.
1 . 5 . 5d P rep ara tio n  o f y-Oxo-Bis ^[2,5-dimethy 1 -2 ,5 -butane d io la to  
(1 -jj [2,5-d im ethyl-2 , 5-butanedio lato(2-)jj oxomolybdenum (VI)
To f in e ly  ground Mo02(acac)2 (5g, 15.5 mmole), was added butane
2 ,5 -d io l (20ml, 220.8 mmole). A fte r s t i r r i n g  under n itro g en  fo r  1 h r 
a t  75°, the  excess g lyco l was removed in  vacuo w hile th e  product v esse l 
was heated  to  100°. T r i tu ra tio n  w ith e th e r  gave a yellow  powder ; y ie ld  












In fra - re d
2600-3400 cm  ^ (broad, s trong)
955 cm  ^( s tro n g ) ; 929 cm~^ (strong)
741 cm  ^ (strong)





I .5 .5 e  P rep ara tio n  o f S(+) Propane 1 ,2 -d io i^ ^
To a suspension o f  lith iu m  aluminum hydride (26.45g, 0 .7  mole) in  
1£ dry  e th e r  was added dropw ise, L(+) e th y l l a c ta te  (lOOg, 0 .85 mole) 
in  200cm° dry  THF w ith  ice  coo ling . A fte r  th e  a d d itio n  was com plete, 
th e  m ixture was s t i r r e d  a t  room tem perature o v ern ig h t and hydrolysed
T ?
under ice  coo ling  by dropwise a d d itio n  o f  50cm  o f  w a te r, 50cm  o f 15% 
sodium hydroxide and lOOcm'^water. The re a c tio n  m ixture was b r ie f ly  
re flu x ed  and the  p r e c ip i ta te  f i l t e r e d .  The so lv en t was removed in  
vacuo and th e  re s id u e  d i s t i l l e d ,  b .p . 70-2°/10mm; y ie ld  5 2 .8g (82%).
I .5 .5 f  P rep ara tio n  o f c is -B is (s (+ )p ro p a n e - l ,2 -d io la to )  
dioxomolybdenum (VI)
To f in e ly  ground Nfo02(acac)2 (5g, 15.5 mmole) was added S(+) 
propane-1 ,2 -diol(2 0 an^ 272.2 mmole). A fte r  s t i r r i n g  under n itro g e n  fo r
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1 h r a t  75 , the excess g lycol was removed in  vacuo and the  re s id u e , 
t r i t u r a t e d  w ith e th e r ,  g iv ing  a w hite powder; y ie ld  was 3.85g (90%). 










In fra -re d
-12600-3400 cm (broad, strong)
950 cm  ^ (s tro n g )-  918 cm  ^ (strong) 




1 .5 .5  g P repara tion  o f c is -B is  ^propane-1 ,2 -diolatojdioxomolybdenum (VI) 
The same method was employed as th a t  used in  Section  I .5 .5 . f .  Y ield 
was 3.9g (911), m.p. 132-133° ( l i t .  132-4°)L









In fra -re d
-12600-5400 cm” (broad, strong)
950 cm"^ (s tro n g ) ; 918 cm”  ^ (strong)




1 .5.5 h P reparation  o f c is -B is  ^butane-l ,3-diolato^dioxomolybdeniJin (VI) 
To f in e ly  ground Mo02(acac)2 (5g, 15.3 mmol) was added butane 1 ,3 - 
d io l (20ml, 220.8 mmole). A fte r s t i r r in g  under n itro g en  fo r  1 h r a t  
75°, the  excess g lycol was removed in  vacuo and the  resid u e  t r i t u r a t e d  
w ith e th e r  g iving a w hite powder; y ie ld  was 4.2g (90%), m.p. 155-9°dec.




In fra -re d
2600-3400 cm (broad, strong) Coordinated hydroxyl
-1  -1  945 cm (s tro n g )-  918 cm (strong) v(Mo-O^)
610 cm (strong) v(Mo-0^3
I .3 . 3 i  P repara tion  o f R(-)phenyl e thane 1 ,2 -d io l
To a suspension o f lith iu m  aluminium hydride (25g, 0.66 mole) in  
IJI o f  dry e th e r  v,as added dropwise R (-)m ^ d e lic  ac id  (18g, 12 mmole) 
in  400ml dry e th e r  w ith ice  coo ling . A fte r  th e  ad d itio n  was com pleted, 
the m ixture was re  fluxed fo r 1 h r and then hydrolysed w ith  d i lu te  
hydroch lo ric  ac id  and w ater. The aqueous and organic la y e rs  were 
sep ara ted ; th e  organic la y e r , being washed su ccessiv e ly  w ith  w ater, 
sodium carbonate , w ater and d rie d  (magnesium su lp h a te ) . The excess 
so lv en t was removed in  vacuo. R(-) phenyl e th a n e -1 ,2 -d io l c r y s ta l l i s e d







nmr: Phenyl group 7.24 ppm, m, 5 p ro to n s; -OH a ttach ed  to  methine
4.45 ppm, b , 1 proton ; -Œ1 a ttach ed  to  methylene 4.25 ppm, b , 1 p ro ton ; 
methine 4.68 ppm, d .d . J8 .3  Hz, 1 p ro ton ; methylene = 3.53 ppm 
Vg = 3.60 ppm, o , J  = 10.7 Hz, 1 pro ton .
^^C nmr: methylene C, 68.09 ppm; m ethine C, 74.75 ppm; C-1 140.57 ppm;
ortho  128.56 ppm; meta 128.01 ppm; para  126.10 ppm.
1 .3 .3  j P reparation  o f c is -B is  ^Sf+lphenyl e thane-1 .2 -d io la to ] 
dioxomolybdenum (VT)
To f in e ly  ground ^bO^ (acac)2  (5g, 15.3 mmole), was added a 
so lu tio n  o f R(-)phenyl e th a n e -1 ,2 -d io l (8 .28g, 6o mmole) d isso lv ed  in  
40cm^of dry propanol. A fte r s t i r r i n g  under n itro g en  fo r  1 h r a t  80°^ 
the  wliite powder formed was f i l t e r e d .  Y ield was 4.9g (80%), m.p. 
116-118°dec.





In fra -re d
-12600-3400 cm (broad, strong)
950 cm  ^ ( s tro n g ) ; 918 cm  ^ (strong) 




1 .3 .3k P repara tion  o f c is -B is (s (+ )  2 ( - ) amino-1-phenyl 
Propanc-l,3-diolatojdioxom olybdenum  (V I).
To f in e ly  ground MoO^(acac)^ (5g, 15.3 mmole) was added a 
so lu tio n  o f S(+)2-am ino-l-phenyl-1 ,3-propane d io l d isso lv ed  in  40ml o f 
dry propanol. A fte r s t i r r i n g  under n itro g en  fo r  1 h r a t  80°, the  













In fra -re d
-12600-3400 cm (broad, strong)
930 cm  ^ ( s tro n g ) ; 905 cm  ^ (strong) 




1 .3 .3 1  P repara tion  o f c is-B is^R (-)2 ( - ) amino-l-butanatojdioxomolybdeninm (VI) 
To f in e ly  ground Nfo02(acac)2 (5g, 15.3 mmole) was added R -(-)-2 -am ino- 
1-butanol (20mol, 211.6 mmole). A fte r  s t i r r i n g  under n itro g en  fo r  1 h r 
a t  100°, the  excess amino alcohol was'removed in  vacuo and th e  re s id u e , 





CALCULATED 31.58 6.58 9.21
FOUND 30.21 6.41 9.02
In fra -re d
-12600-3400 cm (broad, strong)
-1  -1 902 cm ( s tro n g ) ; 863 cm (medium)
Coordinated hydroxyl 
v(Mo-O^)
1 .3 .3 m P repara tion  o f p -O xo-B is^oxo[butane-1 ,2 -d io lato (l-)l 
[b u ta n e -1 , 2 -d io la t o(2-j]j molybdenum (V I).
To f in e ly  ground Mb02(acac)2 (5g, 15.3 mmole) was added butane 
1 ,2 -d io l (20ml, 220.8 mmole). A fte r s t i r r i n g  under n itro g en  fo r  1 h r 
a t  75°, the  excess g lycol was removed in  vacuo w hile the  product v e sse l 
was heated  to  100°. T r i tu ra tio n  w ith  e th e r  gave a yellow  powder ; y ie ld  
was 4.2g (46%). R e c ry s ta llis a tio n  from dry  chloroform  gave a yellow  
powder, m.p. 85-87°dec.









In fra -re d
-12600-3400 cm (broad, strong)
950 cm"^ (s tro n g )-  929 cm  ^ (strong) 
940 cm  ^ (strong)






I .3 .5 n  P reparation  o f Potassium tr ic a rb o n y l-L -h is tid in a to  
molybdenum (V I).
The s a l t  was prepared by the same method used by Beck e t  a l . 




CALCULATED 27.62 2.56 10.74
FOUND 27.22 2.09 11.26
1 .3 .50  P rep ara tio n  o f Potassium h istid in a to trio x o m o ly b d a te  (V I)- 
Water (1 :1 ) .
MoO^  (2.16g, 15 mmole), L(-) H is tid in e  (2.325g, 15 mmole) and 
potassium  hydroxide (0.84g, 15 mmole) were re flu x ed  in  150ml o f w ater 
fo r  3 h r . The hot so lu tio n  was f i l t e r e d  and allowed to  evaporate. The 
c le a r  ta b u la r  c ry s ta ls  were washed w ith  a small q u an tity  o f  e th an o l/ 
d ie th y l e th e r  (50:50). Y ield was 2.1g (40%), m.p. 187-190°dec.












In fra -re d
895 cm  ^ ( s tro n g ) ; 840 cm ^ (strong) v(Mo-O^)
NMR s tu d ie s  o f  potassium  h is tid in a to trio x o m o ly b d a te  (VI) w ith  pD.
A sa tu ra te d  so lu tio n  o f potassium  histidinatorioxom olybdenum  (VI)
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was made in  D2O. The nmr o f the complex was c a r r ie d  out a t  
d if f e r e n t  pH. pD was v aried  accordingly  w ith  KOD and a so lu tio n  
o f  p e rc h lo ric  ac id  in  D^O.
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Chapter II  
EPOXIDATION OF OLEFINS
86
QiAPTER I I  SECTION 1
I I .  1 INTRODUCTION
I I . 1.1 The P rilezhaev  Reaction 34
Tlie most w ell e s ta b lish ed  method fo r  epoxidation  o f o le f in  
hydrocarbons i s  the P rilezhaev  reac tio n  described  by Eqn. 11.1 .1(1)
\  /  O
C /
O C — R
(I) ( II )
c
/  \ f t
( I I I )









Tills method uses organic peroxyacids as o x id is in g  agen ts. The
35-37re ac tio n s  o f  many unsa tu ra ted  compounds have been examined in  d e ta i l .  
Amongst th e  organic peroxyacids used are  m-chioroperoxybenzoic a c id , 
monoperoxyphthalic a c id , perform ic ac id  and peroxybenzoic ac id .
K inetic  s tu d ie s  have in d ica ted  th a t  the  re a c tio n  is  f i r s t  o rder 
w ith  re sp ec t to  both  o le f in  and peroxyacid. In the case o f the  o le f in ,  
e le c tro n  re le a s in g  su b s titu e n ts  increase  and e le c tro n  a t t r a c t in g  
s u b s titu e n ts  decrease the re a c tio n  r a te .  Tlie r a te  o f  re a c tio n  v a r ie s
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according to  the  n a tu re  o f the peroxyacid and the  su b s titu e n ts  on the
.  r  38o le f in  .
The epoxidation  re a c tio n , described  in  Eqn. 11 .1 .1(1) proceeds
v ia  a h e te ro ly tic  mechanism to  give s te re o s e le c tiv e  ad d itio n  o f oxygen
across the double bond. V aria tio n s and m od ifica tions on th i s  general
35-37,39
o u tlin e  remain a su b jec t o f d iscu ssio n
In sp ite  o f i t s  wide a p p lic a tio n s , th e  P rilezh aev  rea c tio n  has 
some d isadvantages. On a la rg e  s c a le , th e  process i s  extrem ely 
dangerous and many epoxides undergo cleavage by secondary re a c tio n s .
I I . 1.2 Liquid phase o x id a tio n  o f o le f in s  u sing  organic hydroperoxides 
in  the presence o f c a ta ly t ic  amounts o f m etal complexes.
The problems posed by the P rilezhaev  re a c tio n  mentioned in  
Section  I I . 1.1 has paved the  way fo r  modem methods o f epoxidation .
The most no tab le  method now used fo r  epoxidation  involves the 
expoxidation o f o le f in s  using organic hydroperoxides, the  re a c tio n  
being ca ta ly sed  by t r a n s i t io n  m e t a l s ( E q n .  1 1 .1 .2 (1 )) .
y  =  \ +  RO^H +  ROM
Eqn. 11.1 .2(1)
This re a c tio n  bears some resemblance to  the  epoxidation  o f  o le f in s  
by peroxyacids in  th a t  the o rganic hydroperoxides possess the c a p a b il i ty  
o f  h e te ro ly t ic  cleavage o f  th e  0-0 bond, although to  a le s s e r  ex ten t 
than  organic peroxyacids. However, in  th e  case o f  th e  o rganic hydro­
p erox ides, cleavage is  f a c i l i t a t e d  w ith  the  a id  o f  m etal c a ta ly s ts .
The t r a n s i t io n  metal complexes o f  iro n , manganese, co b alt and 
copper re a d ily  ca ta ly se  the hom olytic decomposition o f  organic hydro­
perox ides, generating  ra d ic a ls  ^^»^"^and hence give poor epoxide 
y ie ld s . However, so lub le  complexes o f  molybdenum, tu ngsten , vanadium 
and titan iu m  which can e f fe c t  h e te ro ly s is  o f the peroxy linkage in  organic 
hydroperoxides, are  g en era lly  used fo r  epoxidation .
I I . 1 .2 .1  K inetics  and Mechanism
In "bie epoxidation  o f  o le f in s  using organic hydroperoxides^ m etal 
complexes in  high ox idation  s ta te s  e .g . kb(V I), W(VT), V(V) and T i(IV ), 
f a c i l i t a t e  the h e te ro ly s is  o f a lk y l hydroperoxide^
> b ta l ca ta ly sed  epoxidations e x h ib it the  follow ing c h a r a c te r is t ic s ;- 
33,48,49,55-57.
a) ^ b ta l complexes which are  good Lewis acids and have
low ox id a tio n  p o te n tia ls  a re  su p erio r c a ta ly s ts .  For 
so lub le  t r a n s i t io n  m etal c a ta ly s ts ,  th e  follow ing 
o rder o f a c t iv i ty  i s  observed: kb>W>V,Ti.
b) The a c tiv e  c a ta ly s t  con ta ins the  m etal in  i t s  
h ig h est ox id a tio n  s ta te .
c) P o lar so lv en ts , p a r t ic u la r ly  a lcoho ls and w ate r, r e ta rd  
the  re a c tio n  by competing w ith  the  hydroperoxide fo r  
coo rd ina tion  s i t e s  on the m etal.
d) The high y ie ld  o f epoxides and th e  s te re o s p e c if ic i ty
o f th e  re a c tio n  a r is e s  due to  the  h e te ro ly tic  mechanism.
e) Reaction by-products a r is e  from the  competing m etal- 
c a ta ly sed  hom olytic decomposition o f th e  hydroperoxide.
f) S u b stitu en t e f fe c ts  in d ic a te  th a t  the  a c tiv e  epox id ising  
agent i s  an e le c tro p h i l ic  sp ec ies .
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Scheme I ,  o u tlin e s  the rea c tio n  scheme fo r  molybdenum c a ta ly s is .57-59
Scheme I
Mo^^ + RO^H
[mo^ X 02ü]+  C = C
Mo^^ + RO2H
Mo^ + ROjH
Mo^Xo^n] Eqn. 11.1 .2(2)
'ac tive*
[Mo'^ ^ROh] Eqn. 11 .1 .2(3)
' in a c t iv e '
N X VT
c —  c + Mo''-^  + ROH Eqn. 11.1 .2(4)
0
Mo  ^ + RO.. + H'*' Eqn. 11 .1 .2(5)
-> Mo^^ OH + RO- Eqn. 11.1 .2(6)
Spectroscopic in v e s tig a tio n s  c a r r ie d  out by T r if iro  e t  al^*^ 
in d ica ted  the presence o f  C atalyst/hydroperox ide complex as an 'a c t iv e ' 
sp ec ies . I t  has been suggested by sev era l
th a t  a f a s t  equ ilib rium  is  s e t  up between the  a c tiv e  c a ta ly s t  and the 
hydroperoxide and the  ra te-d e term in in g  s tep  in  th e  epoxidation  re a c tio n  
i s  the e le c tro p h i l ic  a tta c k  on the  o le f in  by the  C atalyst/hydroperox ide 
complex. The f in a l  s tep  i s  the  h e te ro ly tic  cleavage o f  th e  0-0 bond 
in  th e  hydroperoxide.
K inetic  s t u d i e s h a v e  shown th a t  m etal ca ta ly sed  hydro­
peroxide epoxidation o f o le f in s  using  molybdenum and tungsten  i s  f i r s t  
o rder in  o le f in ,  c a ta ly s t  and hydroperoxide (Eqn. 11 .1 .2 (7 )) and the  
re a c tio n  is  in h ib ite d  by a lco h o ls , includ ing  the  alcohol generated  as 
as r e s u l t  o f  epoxidation  (Eqn. 1 1 .1 .2 (4 )) .
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Rate -  k [O lefinj [C atalyst][H ydroperoxid^
Eqn. 11.1 .2(7)
Sheng and Zajacek suggested Fig. 11 .1 .2 (1) or Fig. 11 .1 .2(2) 
as p o ss ib le  t r a n s i t io n  s ta te s  in  the  molybdenum ca ta ly sed  epoxidation  
o f o le f in s .
\  /  
c — .C ^
R - 0
IVlo
H R -  O'.........H
Mo
Fig. 11.1 .2(1) Fig. 11 .1 .2(2)
Gould e t  a l  proposed Scheme I I  fo r  th e  epoxidation  o f 
cyclohexene by the te r t - b u ty l  hydroperoxide in  th e  presence o f 
vanadyl ace ty lace to n a te . Tlie co-product a lcohol s tro n g ly  re ta rd e d  
the  re a c tio n  and the r a te  dependence on th e  hydroperoxide was found 
to  be analogous to  the  M ichaelis-Menten equation  fo r  enzyme c a ta ly s is  
in  the  presence o f  a com petitive in li ib ito r  This observation  has 
been confirmed by a number o f workers
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Scheme II
VO (acac) 2 + RO2H 
C ata ly s t a c tiv a tio n  ( rap id , re v e rs ib le )
Eqn. 11 .1 .2(8)
+ Ro^n ^ R Eqn. 11.1 .2(9)
H'
Complex form ation (rap id , re v e rs ib le )
4 ,R 4- ^ H - â
IE




pro ton  t r a n s f e r  (rap id)










Ligand exchange ( ra p id , re v e rs ib le )
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Sheng and Zajacek^^ found th a t  y ie ld s  obtained  in  the re ac tio n  
o f  a l ly l  alcohol and l,5 -h ex ad ie n e -3 -o l, ca ta ly sed  by vanadium 
complexes, were h igher than those ob ta ined  when molybdenum complexes 
were used as c a ta ly s ts .  However, co n tra ry  o b se rv â ticnswere made 
in  the case o f simple o le f in s .  This a r i s e s ,  because o f the a b i l i t y  
o f  vanadium c h e la te s  to  form in a c tiv e  complexes w ith  the coproduct 
a lcohol more re a d ily  than th e i r  molybdenum co u n te rp a rts .
Due to  the  c a p a b il i ty  o f a lcohols to  complex w ith  the  c a ta ly s ts ,  
one would expect a l l y l i c  a lcohols to  be le s s  re a c tiv e  than  simple 
o le f in s .  However, in  the  case o f vanadium compounds, th i s  in  no t the  
case^^. Sheng and Zajacek^^*^^ proposed th e  m odified mechanism in  
Scheme I I I .
Scheme I I I HI
0
\





\  ^ n  / 0  V  + H.C:CHai_OH ---- > 0 ____ Y  ______0
1  ^ 2 I I
R R H
Scheme I I I ,  shows the a c tiv e  c a ta ly s t  complexed w ith  bo th  the  
a l l y l i c  alcohol and the  hydroperoxide befo re  the  double bond i s  
epoxid ised . The geometry o f the in term ed ia te  p laces  the  e le c tro n -  
d e f ic ie n t  oxygen o f the  hydroperoxide in  the v ic in i ty  o f the  double 
bond.
64Cliong and Sharpless suggested th a t  in  th e  hydroperoxide/m etal
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complex in te rm ed ia te , the metal i s  coord inated  to  the hydroperoxide 
through the oxygen fa r th e s t  to  the  a lk y l group. Hence, coo rd ina tion  
takes p lace  a t  a s i t e  which is  le s s  s te r i c a l l y  h indered . In ad d itio n , 
such in term ed ia tes  proposed a lso  account fo r  th e  r e a c t iv i ty  o f a l l y l i c  
a lcoho ls  in  th ese  systems. The geometry o f the  in te rm ed ia tes  i s  favour­
ab le  fo r  sim ultaneous coo rd ination  a t  the m etal cen tre  o f  the  hydroxyl 
group o f an a l l y l i c  alcohol and fo r  the oxygen o f  th e  hydroperoxide 
f a r th e s t  to  the  a lk y l group.
Mimoun e t  a l^^  d iscovered th a t  molybdenum(VI)peroxo compounds 
(F ig. 1 1 .1 .2 (3 )) s to ic h io m e tr ic a lly  epoxid ise  o le f in s  under anhydrous
h ’h  "
0





Fig. 11 .1 .2(3)
cond itions in  organic so lv en ts . They specu la ted  th a t  the a c tiv e
oxidan ts in  the  c a ta ly t ic  systems might a lso  be peroxo species
generated  in  s i t u  by re a c tio n  o f the a lk y l hydroperoxide w ith  a
m etal oxo conpound.
33Sheldon , in  h is  s tu d ie s  o f molybdenum c a ta ly sed  epoxidation  
using  te r t - b u ty l  hydroperoxide, iso la te d  in term ed ia tes  w,^hich were 
considered  to  be M o(V I)-l,2diol complexes. The s tru c tu re  o f  the 
d io l i s  r e la te d  to  the  s tru c tu re  o f the  su b s tra te  o le f in  being 
epoxid ised  and independent o f the molybdenum compound.
Skibida and Kok^^, using  c a ta ly s ts  o f  the  general formula
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M0O2L2 in v e s tig a te d  complex form ation in  the c a ta ly t ic  epoxidation 
o f cyclohexene and 2-m ethyl-2-pentene by te r t - b u ty l  hydroperoxide.
NMR was used to  id e n tify  in term ed ia tes  in  the  re a c tio n  m ixture and 
they concluded th a t  d io l complexes o f  kfo(VI) were involved in  
epoxidation .
In view o f the  d io l in terem ed ia tes in  the  epoxidation  re a c tio n , 
th e  question  a r is e s  whether the  organic hydroperoxide i s  t r u ly  coord­
in a ted  to  the  m etal complex during epoxidation . I t  i s  p o ss ib le  th a t  
th e re  i s  an i n i t i a l  re a c tio n  o f the hydroperoxide w ith  the m etal complex 
producing a m etal d io l species which epox id ises the o le f in  in  the  
subsequent s tep .
However, ^^0 la b e lle d  s tu d ie s  o f epoxidations w ith  a lk y l 
hydroperoxides have su b s ta n tia te d  evidence th a t  th e  in ta c t  hydroperoxide 
is  p resen t in  th e  a c tiv a te d  complex resp o n sib le  fo r  oxygen t r a n s f e r  to  
the  o le f in .
Mimoun^^ proposed a ra th e r  d if f e re n t  mechanism fo r  the  m etal 
ca ta ly sed  hydroperoxide epoxidation o f o le f in s .  This mechanism, shown 
in  Scheme IV involves the o le f in  i n i t i a l l y  a tta c k in g  the m etal, upon 
coo rd ina tion  to  the  m etal, the  o le f in  lo ses  i t s  n u c leo p h ilic  c h a ra c te r  
and the  peroxy oxygen ac tin g  as a nucleoph ile  a tta c k s  the  coordinated  
o le f in  re s u l t in g  in  a five-membered peroxym etallocycle. This 
in term ed ia te  then decomposes to  produce the  epoxide and m etal a lkoxide.
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Scheme IV
MOOR + t  ^C=C^
/  \   ^ /  I \
M-OOR
\ / II \ /





II  1 .2 .2  Competing reac tio n s
Tlie a u to re ta rd a tio n  o f epoxidation  th a t  a r is e s  from complexing
between the  c a ta ly s t  and th e  alcohol has been observed by many
. 8 ,46 ,49-51,53 ,53 ,61   ^ ^w orkers, p a r t ic u la r ly  fo r  vanadium ca ta ly sed
re a c tio n s . Tlie c a ta ly s t/a lc o h o l complex h inders both  the  form ation
o f  a ca ta ly s t/h y d ro p ero x id e  complex and i t s  subsequent re a c tio n  w ith
the o le f in .
The ex ten t o f au to re ta rd a tio n  can be r e la te d  to  the  equ ilib rium
co n stan ts  fo r  th e  form ation o f  ca ta ly st/h y d ro p ero x id e  and c a ta ly s t /
49
alcohol complexes. Sheldon and Van Doom found th a t  the  a u to re ta rd ­
a tio n  by te r t-b u ta n o l increases in  th e  o rder W<Mo<Ti<V fo r  a s e r ie s  o f 
complexes.
8Sheng and Zajacek found th a t  the  ad d itio n  o f la rg e  amounts o f 
te r t-b u ta n o l  to  molybdenum complex ca ta ly sed  epoxidations has a lso  
re su lte d  in  a decrease o f re ac tio n . The e f fe c ts  o f  d e lib e ra te  
ad d itio n  o f  te r t-b u ta n o l on the  ra te s  o f  complexes o f Mo, Ti and W 
c a ta ly sed  re a c tio n  were compared, so as to  determ ine th e  ex ten t o f
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re ta rd a tio n  in  these re a c tio n s . The a d d itio n  o f  alcohol had only s l ig h t  
but s ig n if ic a n t  e f fe c t  upon molybdenum and tungsten  compounds whereas 
w ith both  homogeneous and heterogeneous titan iu m  compounds, re ac tio n s  
showed a marked decrease in  re ac tio n  r a te .
Tliese r e s u l ts  exp lain  why k in e t ic  in v e s tig a tio n s  using  molybdenum 
and tungsten  complexes were f i r s t  thought to  be governed by simple 
f i r s t  o rder k in e tic s  (where alcohol in te rfe re n c e  is  m inim al), whereas 
fo r  vanadium complexes, the  ra te  o f re a c tio n  was found to  decrease 
throughout the epoxidation .
In cases where an alcohol has been used as a so lven t fo r  epoxidation  
re a c tio n s , severe re ta rd a tio n  has been o b s e r v e d .
For ox ida tion  o f  propene w ith  a number o f molybdenum complexes, 
a lcoho ls  have been placed in  the follow ing o rder according to  t h e i r  
in liib ito ry  power -
MeQi>EtOH>Pr^OH>n-octanol>phenylethanol.
Another fa c to r  which can a f fe c t  epoxide y ie ld s  is  the  competing 
m etal ca ta ly sed  homolytic decomposition o f o rganic hydroperoxides 
Many t r a n s i t io n  m etal complexes such as those o f iro n , managanese, 
c o b a lt and copper, are  known to  i n i t i a t e  th e  decom position o f 
hydroperoxides v ia  o n e-e lec tro n  redox re ac tio n s  Eqn. I I  1 .2 .2 (1 ) and 
Eqn I I  1 .2 .2 (2 ) .
Reduction:
ROJj +  > RO- + i f  * + HO' Eqn. I I  1 .2 .2 (1 )
O xidation:
RO,H + iP* ------» RO -^ + + H"" Eqn. I I  1 .2 .2 (2 )
Metal complexes o f molybdenum, tu n g sten , vanadium, chromium and
titan iu m  have been shown to  i n i t i a t e  hom olytic decomposition o f organic
hydroperoxides to  a c e r ta in  e x te n t, in  the  absence o f  o le f in s  o r  o th e r
48,49s u ita b le  n u c leo p h ilic  s i t e s .
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Sheldon and Van Doorn,^^ in  o rder to  accen tuate  the  d iffe ren ces  
in  epoxide s e le c t iv i ty  between various m etal c a ta ly s ts ,  purposely 
chose cond itions which were no t conducive to  good epoxide y ie ld s  and 
s e le c t iv i ty .  The epoxidation o f cyclohexene w ith  a number o f d if f e re n t  
c a ta ly s ts  y ie ld ed  two major p roducts, epoxycyclohexene and
3 -te rt-b u ty lp e ro x y -l-cy c lo h ex en e  to g e th e r w ith  tra c e  amounts of 
2 -cyclohexene-l-o l and 2-cyclohexene-l-one.
Tlie alkoxy and alkylperoxy ra d ic a ls  formed in  Eqn. I . 1 .2 .2 (1 ) 
and Eqn. 11 .1 .2 .2 (2 ) may a b s tra c t hydrogen from the  o le f in  and subsequent 
re a c tio n s  o f ra d ic a ls  formed from the  o le f in s  can r e s u l t  in  ox id a tio n  
products such as a lcohols and ketones.
OoR Eqn. 11 .1 .2 .2 (5 )
O2 — > =0
Eqn. 1 1 .1 .2 .2 (4 )
Tlie ad d itio n  o f alkoxy and alkylperoxy ra d ic a ls  to  the  double 
bond may be a t  le a s t  p a r t ly  resp o n sib le  fo r  the  form ation o f epoxides, 
p a r t ic u la r ly  in  reac tio n s  using  le s s  r e a c t iv  e c a ta ly s ts  fo r  the  
h e te ro ly t ic  re a c tio n .
e .g .  ___
RO,- + < \  — > < >  > (  ) +R0
0,R O
Eqn. 11 .1 .2 .2 (5 )
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B r i l l  and In d ic to r^ ^  obtained  epoxide y ie ld s  o f 5 -  30% fo r  
reac tio n s  o f 1-octene and cyclohexene w ith  te r t - b u ty l  hydroperoxide in  
the absence o f a c a ta ly s t  a t  100°C - a therm al homolytic decomposition 
o f the  hydroperoxide most probably occurred . Koelewyn prepared 
1-phenyl-l,2-epoxyethane and 3 ,4 -epoxy-l-bu tene using d i - te r t - b u ty l  
peroxide as a ra d ic a l  i n i t i a t o r
In so lven ts  which possess re a c tiv e  C-H bonds, the  alkoxy and 
alkylperoxy ra d ic a ls  w il l  a b s tra c t  hydrogens from the  so lv en t. The 
re s u l t in g  so lven t ra d ic a ls  (S«) may form o x id a tio n  p roducts, 
e .g .
RO. + SH -> ROH + S. Eqn. I I . 1 .2 .2 . (6)
RQ .^ + SH  RO^ H + S. Eqn. I I . 1 .2 .2 . (7)
S .  + RO .^ --------- ^ SO^R Eqn. I I . 1 .2 .2 . ( 8 )
S* + 0^ -------- SO2 * —> ketones, a lcoho ls e tc .  Eqn. I I . 1 .2 .2 . (9)
In tlie absence of any ab s tra c ta b le  hydrogens, normal ra d ic a l  induced 
chain  decom position o f the organic hydroperoxide w il l  take p lace , 
i . e .
RO- + RO^ H ------- > ROH + RO2 * Eqn. 11 .1 .2 .2 (10)
RO2 ' -> RO* + IO2 Eqn. 11 .1 .2 .2 (11)
Tlie performance o f t r a n s i t io n  m etal c a ta ly s ts  and organic 
hydroperoxides in  epoxidation  i s  th e re fo re  dependent upon tlie r e la t iv e  
ra te s  o f h e te ro ly tic  and homolytic decom position o f the  hydroperoxide 
and the  s u s c e p t ib i l i ty  o f the  c a ta ly s t  to  complex w ith  the  co-product 
a lco h o l.
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I I . 1 .2 .3  Comparison o f C a ta ly tic  a c t iv i ty
Olef in ie  epoxidation  by organic hydroperoxide has been claimed 
to  have been c a r r ie d  out by sev era l m etals -  some o f which include 
chromium, molybdenum, n ic k e l, niobium, rhenium, selenium , tan ta liu m , 
titan iu m , tu ngsten , vanadium and zirconium .
With the exception o f complexes o f c o b a lt ,  manganese, copper and 
iro n , com parative s tu d ie s  have shown th a t  most o f these
m etals give a h igher y ie ld  o f epoxide than  eq u iv a len t uncata lysed  
re a c tio n s , w ith  molybdenum, vanadium and tungsten  g iv ing  c o n s is te n tly  
high y ie ld s  o f epoxides. Molybdenum compounds seem to  be c a ta ly s ts  
witli the  b es t y ie ld ,  s e le c t iv i ty  and speed o f  re a c tio n . The most 
common molybdenum compounds used include molybdenum hexacarbonyl and 
molybdenyl ac e ty la ce to n a te . Tungsten compounds when used w ith  
organic hydroperoxides do no t compare favourably w ith  molybdenum, but
in  combination w ith  hydrogen perox ide, ^^^^give the  b e s t y ie ld s .
78H ia tt  reviewed an ex tensive l i s t  o f c a ta ly s ts  w ithout g iv ing 
too much in d ic a tio n  as to  the reasons fo r  the  vary ing  success o f 
d i f f e r e n t  m etal compounds. Since then , sev e ra l workers have in v e s tig a te d
tlie a c t i v i t i e s  o f a number o f c a ta ly s ts  and have drawn the  follow ing
, . 46,49,52conclusions
(a) Tlie m etals (e .g . Mo(VI), W(VI), V(V)) are  sm all s iz e ,  h ig h ly  
charged and have low -ly ing , although unoccupied, d -o rb i ta ls .
(b) The m etal does no t p a r t ic ip a te  s ig n if ic a n t ly  in  any one- 
e le c tro n  redox re a c tio n  under s tro n g ly  o x id is in g  co n d itio n s .
(c) Tlie m etal forms complexes which are  s u b s t i tu t io n  la b i le .
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Sheldon and Van Doom"^^ in  th e i r  study o f m etal complexes have 
re la te d  th e i r  c a ta ly t ic  behaviour to  th e  Lewis a c id i ty  and the redox
p o te n tia l  o f  the c e n tra l m etal atom. The Lewis a c id i ty  o f t r a n s i t io n
7Q
m etal oxides decreases in  the o rd e r, Cr0 ^>Mo0 2 >W0^^^2^5^^^^2 '
Hence i t  becomes apparent why Mo(VI) compounds are  such e f fe c tiv e  
epoxidation  c a ta ly s ts .  By the same argument, Or(VI) compounds would be 
expected to  be good epoxidation c a ta ly s ts .  This i s  not to  be the  case 
presumably because Cr(VI) compounds are  s trong  ox idan ts and can cause 
ready decom position o f the  hydroperoxide v ia  ra d ic a l  pathways. The 
general ease w ith  which t r a n s i t io n  m etal ions o r complexes ca ta ly se  the  
hem olytic decom position o f organic hydroperoxides can be r e la te d  to  
th e i r  redox p o te n t ia ls .  Hydroperoxides are  s trong  ox idan ts b u t weak 
reducing agents and hence redox re a c tio n s , in d ica ted  in  Eqn. 1 1 .1 .2 .2 (1 ) 
and Eqn. 11 .1 .2 .2 (2 ) are  e a s i ly  accomplished w ith  s tro n g  oxidants such 
as C o (III ) , Ce(IV) and Pb(I\0®°.
With the  exception o f vanadium, a l l  su ccessfu l epoxidation  
c a ta ly s ts  are  weak oxidants in  th e i r  h ig h est ox id a tio n  s ta te s .  This 
ex p la in s why vanadium c a ta ly s ts  tend to  be le s s  e f fe c t iv e  in  o le f in  
epoxidation  reac tio n s  than molybdenum and tungsten . The low c a ta ly t ic  
a c t iv i ty  o f o th e r t r a n s i t io n  metal c a ta ly s ts  such as Th(IV) and Zr(IV) 
which are  weak o x id an ts , i s  due to  the  fa c t  th a t  they  are  weak Lewis 
ac id s .
49Sheldon and Van Doom a lso  po in ted  out th a t  the a c t iv i ty  o f  th e  
c a ta ly s t  may be a ffe c te d  by the  s iz e  o f  the  m etal ion w hidi may be 
im portant in  determ ining whether o r no t the  geometry o f  the  t r a n s i t io n  
s ta te  fo r  oxygen t ra n s f e r  i s  favourable . They a lso  suggested th a t  some, 
i f  not a l l ,  o f  the o r ig in a l  ligands are  removed in  th e  e a r ly  s tag es  o f
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reac tio n  to  give e f fe c t iv e ly  the  same a c tiv e  c a ta ly s t  fo r  any n a r t ic u la r
Since the  epoxidation s tep  involves no change in  the o x id a tio n  s ta te  
o f the  m eta l, th e re  is  no reason why c a ta ly t ic  a c t iv i ty  should be r e s t r i c te d  
to  t r a n s i t io n  metal compounds. N o n -tran s itio n  m etal compounds which are  
Lewis ac id s should a lso  be capable o f c a ta ly s in g  epoxidations. The Lewis 
a c id i ty  o f a s e r ie s  o f non-m eta llic  oxides decreases in  the  o rd e r, 
Se02>B202>Sn02^^* SeÛ2 is  as a c id ic  as LfoO .^ Sheldon and Van Doom^^ 
have found th a t  Se02  c a ta ly ses  the epoxidation  o f cyclohexene and 
1-octene , bu t is  much le s s  e f fe c tiv e  than molybdenum, tungsten  and 
vanadium compounds. This might be the case because Se02 i s  a r e la t iv e ly  
s trong  oxidant and w ill  cause decomposition o f  the  hydroperoxide v ia  
ra d ic a l pathways.
Boron conpounds have been used to  c a ta ly se  epoxidations 
but are  le s s  e f fe c t iv e  than t r a n s i t io n  m etal complexes. Sheldon and Van 
Doom^^ s tu d ied  the c a ta ly t ic  e f fe c t  o f  a number o f  boron conpounds 
on epoxidation  and concluded th a t the  epoxidation  i s  d ram atica lly  
in fluenced  by t l ie i r  s tru c tu re . E le c tro n -a ttra c tin g  s u b s t i tu e n ts ,  by 
in c reasin g  the  e le c t r o p h i l ic i ty  o f  the boron atom, enhance th e  c a ta ly t ic  
a c t iv i ty .  Even so , the  most e f fe c tiv e  boron conpound was approxim ately 
a thousand tim es le s s  a c tiv e  than conventional molybdenum compounds.
The boron c a ta ly s t  has only a lim ite d  life t im e  due to  the  d e a c tiv a tio n
• n , 1 . 82v ia  a lco h o ly sis  .
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1 1 .1 .2 .4  R e a c tiv itie s  o f d if f e re n t  o le f in s  
78H ia tt  repo rted  a l i s t  o f  o le f in s  th a t  have been epoxid ised . Since
then many more have been reported  includ ing  o le f in ic  compounds w ith
fu n c tio n a l groups. Patent claim s are  ex tensive  and g en era lly  cover a l l
o le f in ic  substances includ ing  high m olecular weight polymers.
48The e f fe c t  o f  s tru c tu re  on o le f in  a c t iv i ty  p a r a l le ls  th a t  fo r
37 83epoxidation  by organic peroxyacids * . In creasing  the number o f a lk y l 
s u b s titu e n ts  bonded to  the  carbon atom o f the  double bond r e s u l ts  in
enhanced ra te s  o f  re ac tio n  due to  increased  o le f in  n u c le o p h ilic ity .
50Howe and H ia tt s tu d ied  the  e f fe c t  o f  some heteroatom  s u b s titu e n ts  on
th e  epoxidation  o f a s e r ie s  o f r in g  s u b s ti tu te d  s ty ren es . A m eta -n itro
group decreased rea c tio n  ra te  and a para-m ethyl group increased  i t .  The
e f fe c t  o f  halogen s u b s titu e n ts  was minimal.
Sheng e t  a l^ ^ s tu d ie d  the  epoxidation o f  a s e r ie s  o f o le f in s ,
conjugated and non-conjugated dienes and a l l y l i c  compounds. The r e a c t iv i t i e s
o f  th e  d ienes were found to  be s im ila r  to  m ono-olefins although the
r e a c t iv i ty  o f  conjugated double bonds appears to  be le s s  than compounds
w ith is o la te d  double bonds. In the  epoxidation  o f a l l y l i c  compounds,
groups capable o f  withdrawing e le c tro n s  from the double bond tended to
reduce r e a c t iv i ty  towards epoxidation .
11 .1 .2 .5  In fluence o f the s tru c tu re  o f organic hydroperoxide
Several organic hydroperoxides have been claim ed to  be s u ita b le  fo r  
84 S5epoxidation  \  T ert-B u ty l hydroperoxide has been ex ten s iv e ly  used in  
m echanistic  s tu d ie s . Several comparative s tu d ie s  w ith  v arious organic 
hydroperoxides have been c a rr ie d  ou t^*^^ '^^ '^^  . In  a number o f  cases , 
th ese  s tu d ie s  have used r e la t iv e ly  re a c tiv e  o le f in s  e .g . cyclohexene 
and 1-octene.
Sheldon e t  a l^^  have c a r r ie d  out a comparative study o f  a number o f  
o rgan ic  hydroperoxides using  the  r e la t iv e ly  u n reac tiv e  o le f in ,  a l ly l
c h lo rid e . Low s e le c t iv i t i e s  were observed w ith  a lk y l-a ro m atic  hydro­
peroxides due to  t h e i r  f a c i le  h e te ro ly tic  decom position, under re a c tio n  
c o n d itio n s , e .g .
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PhC(CH^)2°0H— > PhOH + (Ql^j^CO Eqn. 11.1.2.5(1}
Competition from th is  reacticn  is  dim inished when such hydroperoxides
possess e le c tro n -a t t r a c t in g  s u b s ti tu e n ts .  A fu r th e r  com plication in
epoxidations using  a lky l-a rom atic  hydroperoxides i s  the  m eta l-ca ta ly sed
dehydration o f the  co-product a lcoho l.
The p u r ity  o f organic hydroperoxides does no t appear to  be c r i t i c a l
in  epoxidation re a c tio n s . In many cases , commercial grade te r t - b u ty l
hydroperoxide (70%) has been used which con ta in s both d i - te r t - b u ty l
peroxide and w ater. As d i - te r t - b u ty l  hydroperoxide has been used as a
ra d ic a l  i n i t i a t o r i n  non-catalysed  epoxidation  re a c tio n s , i t  seems
th a t  the presence o f th is  d ia lk y l peroxide could i n i t i a t e  ra d ic a l
form ation lead ing  to  mixed products^ In a d d itio n , th e  presence o f w ater
suggests th a t  more d io l than epoxide would be produced in  th ese  re a c tio n s .
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Khcheyan e t  a l  s tu d ied  the  e f fe c t  o f  m oisture con ten t on the  
y ie ld  o f  propylene epoxide during the epoxidation  o f  propylene using  
te r t - b u ty l  hydroperoxide. Tlxy concluded th a t  a t  hydroperoxide concen­
tr a t io n s  o f 30-60%, a m oisture con ten t o f  2-3% was allow able.
As organic hydroperoxides may be prepared by the  au to x id a tio n
88o f s u ita b le  hydrocarbons , a number o f  workers have used th e  raw
o n
re a c tio n  product from th is  ox ida tion  d i r e c t ly  in  o le f in  epoxidation  . 
Seree de Roch e t  a l^ ^  suggested th a t  the  use o f raw o x ida tion  products 
co n ta in in g  the o rganic hydroperoxide has a b e n e f ic ia l  e f fe c t  upon 
epox idation .
S te r ic  e f fe c ts  may p lay  a ro le  in  th e  e ffe c tiv e n e ss  o f organic
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hydroperoxides. A lliso n  e t  a l  have rep o rted  th a t  4-m ethyl-2 -bu tene- 
4 -y l and 4-m ethyl-3-butene-2-y l hydroperoxides re a c t  a t  considerab ly  
d if f e r e n t  r a te s .
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I I . 1 .2 .6  S te re o sp e c if ic i ty  and S te re o se le c tiv ity
Hie re ac tio n s  o f organic peroxyacids w ith  o le f in s  are 
s te re o s p e c if ic a l ly  c i s .  The same e f fe c ts  are  observed in  m etal 
c a ta ly sed  epoxidation  using organic hydroperoxides.
As d iscussed  in  Section  I I . 1 .2 .4 , the r a te  o f epoxidation is  
enlianced by in c reasin g  the number o f a lk y l s u b s titu e n ts  bonded to  
the carbon atom o f the double bond. hhere th e re  i s  more than one 
double bond in  the m olecule, epoxidation  takes p lace  s e le c t iv e ly  a t  
the  double bond to  which th e  g re a te r  number o f a lk y l groups is  
a ttach ed . Sheng and Zajacek^^ observed th is  s u b s titu e n t e f f e c t  w ith
4 -v in y l cyclohexene where only the  r in g  o le f in  i s  epoxid ised , and w ith 
1 ,4-hexadiene the  in te rn a l  epoxide i s  the  dominant p roduct.
S te r ic  hindrance may a f fe c t  the  ease w ith  which d if f e re n t  o le f in s
91are  ab le  to  undergo epoxidation . Obekhov e t  a l  s tu d ied  the 
epox idation  o f a number o f  butenes and have arranged them in  the  
follow ing s e r ie s  according to  th e i r  r e a c t i v i t i e s :-
c is -b u t-2 -e n e  : tran s-b u t-2 -en e  : b u t- l-e n e  
56.6 14.2 1 .0
92Yur’ev e t  a l  have rep o rted  th a t  p-m enth-l-ene (I) leads to  the 
s te re o s e le c tiv e  epoxidation  o f the  double bond to  produce the 
d iaste reo iso m er ( I I )  where the epoxide r in g  i s  in  the  tra n s -p o s it io n  
w ith  re sp e c t to  th e  isopropyl group. Epoxidation o f (I) w ith  
organic perox>^acids, produce a m ixture o f the  c i s -  and t ra n s - 








Fig . 11 .1 .2 .6 (1 )
In recen t y ea rs , the  epoxidation o f a l l y l i c  a lcoho ls w ith  organic 
hydroperoxides has a t t r a c te d  considerab le  in te r e s t .
I to h  e t  al^^ s tu d ied  the epoxidation  o f a s e r ie s  o f ’sm all to  
medium' r in g  cy c lic  a l l y l i c  a lcohols by both epoxidation  methods.
In c o n tra s t to  the peroxyacid epox idation , th ese  workers found th a t  
the  ca ta ly st/h y d ro p ero x id e  epoxidations s e le c t iv e ly  produced c is -  
epoxides w ith  re sp ec t to  the  hydroxyl group.
Sharpless e t  al^^ s tu d ied  the  epoxidation  o f a c y c lic  a l l y l i c  
a lco h o ls . They observed th a t  th ese  re ac tio n s  were h ig h ly  s te re o s p e c if ic  
in  comparison w ith  isom eric m ixtures obtained  by peroxyacid epox idations.
In the case where more than one double bond i s  p re sen t in  an o le f in ic  
a lco h o l, epoxidation  has been shown to  take p lace  ex c lu s iv e ly  a t  the  
a l l y l i c  double bond.^^
I I . 1 .5  Liquid phase epoxidation  o f o le f in s  using  m olecular oxygen
Many l iq u id  phase o x id a tio n s, known as au tox ida tions proceed under
97r e la t iv e ly  m ild conditions o f tem perature and oxygen p re ssu re .
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llie  ox id a tio n  o f hydrocarbons, by m olecular oxygen has been su b jec t
o f many in v e s t ig a t io n s .98 The in d u s t r ia l  processes fo r  the  production
o f oxygenated compounds include the p rep a ra tio n  o f ethylene and
99propylene epoxides.
I I . 1 .5 .1  Ilomolytic Reactions
A utoxidations proceed v ia  a f re e  ra d ic a l  chain  mechanism described  
by Scheme V.
Scheme V
I n i t i a t io n
In2 -- > 2In* Eqn. 11 .1 .5 .1 (1 )
In . + m\  -y InH + R- Eqn. 11 .1 .5 .1 (2 )
Propagation
R. + O2 -> RO2 ' Eqn. 11 .1 .5 .1 (5 )
RO2 ' + RH  y RO2H + R. Eqn. 11 .1 .5 .1 (4 )
Term ination
R. + RO .  > RO2R Eqn. 1 1 .1 .5 .1 (5 )
2RO2 ' -------> RO^ R  =y non ra d ic a l products + O2 Eqn. 1 1 .1 .5 .1 (6
I n i t i a t io n  may be accomplished by the  ad d itio n  o f  i n i t i a to r s  th a t  
y ie ld  f re e  ra d ic a ls  on therm al decom position. In the  absence o f added 
i n i t i a t o r s ,  the hydrogen may be ab s tra c te d  by ra d ic a ls  (In*) formed by 
the  homolysis o f  organic hydroperoxides which a re  p re sen t in  sm all 
q u a n ti t ie s  in  most organic l iq u id s .
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llie  ad d itio n  o f the a lk y l ra d ic a l  (R*) to  oxygen in d ic a ted  in  
Eqn. 1 1 .1 .3 .1 (3 ) i s  extrem ely ra p id  and the  r a te  o f au to x id a tio n  
i s  independent o f oxygen even a t  low co n cen tra tio n s. The r a te -  
determ ining s tep  i s  the hydrogen t r a n s f e r  from su b s tra te  to  the 
alkylperoxy ra d ic a l described  in  Eqn. 1 1 .1 .3 .1 (4 ) .
Under most operating  co n d itio n s , the te rm in a tio n  s tep  occurs 
alm ost ex c lu s iv e ly  by re a c tio n  o f two a lk y l peroxy ra d ic a ls  to  form an 
u n stab le  te tro x id e  Eqn. 1 1 .1 .3 .1 (6 ) .^ ^ ’^^^ The modes o f decomposition 
o f te tro x id e s  are  dependent on tlie s tru c tu re  o f th e  a lk y l group 
Mucli o f the  p resen t knowledge o f au to x id a tio n  mechanisms has 
re su lte d  from s tu d ie s  o f the  reac tio n s  o f alkylperoxy ra d ic a ls  and the  
paren t hydroperoxides, independent o f  a u to x id a tio n . The various modes 
o f re a c tio n  o r organic peroxides are  now w ell ch a rac te r  i s  ed .37,105
1 1 .1 .3 .1 (1 ) A utoxidation o f O lefins
In the au to x id a tio n  o f o le f in s ,  chain  propagation 
can occur v ia  the usual a b s tra c tio n  mechanism to  produce the a l l y l i c  
ra d ic a l  Eqn. 11 .1 .3 .1 (7 ) or v ia  tlie ad d itio n  o f  the  alkylperoxy ra d ic a l  
to  the  double bond Eqn. 1 1 .1 .3 .1 (8 ) .
a b s tra c tio n  | ( /
f------------------> RO2H + -C-C=C^
ROt • —C~C—C --------- 1 Eqn. 1 1 .1 .3 .1 (7 )
I
H
ladd ition  RO c-C-
 ^ I I Eqn. 1 1 . 1 . 3 . 1 ( 8 )
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A ddition can be followed by the  unim olecular decomposition o f 
the g -a lky lperoxyalky l ra d ic a l g iv ing  an epoxide and an alkoxy r a d ic a l ,
Eqn. 1 1 .1 .3 .1 (9 ) ,
0
\  / \ /RO^-C-C*  y RO- + ^C-C Eqn. 11 .1 .3 .1 (9 )
o r by the re a c tio n  w ith  oxygen, g iv ing po lyperox ides, Eqn. 11 .1 .3 .1 (10)
RO^-C-C* + 0^ — > RC^-C-C-Oz'etc. Eqn. 11 .1 .3 .1 (10)
Much o f the  p resen t knowledge o f the ad d itio n  mechanism fo r  o le f in  
au to x id a tio n  re su lte d  from the  s tu d ie s  o f Mayo e t  al^^^^^^and B r i l l  e t  a l l ^ ^  
The r a t io  o f ad d itio n  to  a b s tra c tio n  is  s tro n g ly  dependent on the 
s tru c tu re  o f the  o l e f i n . G e n e r a l l y ,  epoxide s e le c t iv i ty  i s  low 
in  th is  t)q)e o f re a c tio n .
I I . 1 .3 .2  H e te ro ly tic  Reactions
The hemolytic type o f o x ida tion  has been kno\\'n and s tu d ied  
fo r  sometime, however, the  h e te ro ly tic  o x ida tion  o f hydrocarbons i s  a 
more recen t innovation . Such reac tio n s  involve th e  use o f t r a n s i t io n  
m etal complexes, some o f which are  capable o f c a ta ly s in g  hem olytic 
r e a c t io n s .
1 1 .1 .3 .2 (1 ) Epoxidation o f O lefins
Tlie d ire c t  re a c tio n  o f o le f in s ,  p a r t ic u la r ly  
propylene, w ith  m olecular oxygen in  the  presence o f c a ta ly s ts  such 
as molybdenum, tungsten  and vanadium proceed v ia  the  i n i t i a l  form ation 
o f an a l l y l i c  hydroperoxide followed by epoxidation  o f the  o le f in  v ia  the 
median ism d iscussed  in  Section 11 .1 .2 .1 .
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Several s tu d ie s  have been rep o rted  in  which the  o le f in s  
c y c l o h e x e n e , a n d  4-methyl pentenes and propene^^^ 
have been tre a te d  w ith oxygen in  the presence o f complexes o f 
molybdenum, vanadium and tungsten . At low oxygen p re ssu re s , good 
epoxide s e le c t iv i ty  w ith high y ie ld s  are  observed.
Gould and Rado c a rr ie d  out the au to x id a tio n  o f cyclohexene 
using oxides and so lub le  ace ty lace to n a tes  o f copper, chromium, 
manganese, iro n , molybdenum and vanadium. With the  exception o f 
molybdenum and vanadium compounds, none o f th e  c a ta ly s ts  gave more 
than 1-2% epoxide. Chromium and iro n  compounds produced high y ie ld s  
o f  cyclohexenone w h ils t the remainder tended to  y ie ld  equal amounts 
o f cyclohexenol and cyclohexenone.
Fusi e t  al^^^ in v es tig a ted  th e  epoxidation  o f cyclohexene w ith  
oxygen using c a ta ly s t  systems th a t  comprise o f two m etal complexes. 
Complex (A) (g en era lly  a complex o f irid iu m , rhodium, osmium or 
palladium ) was capable o f ca ta ly s in g  the  ra d ic a l  au to x id a tio n  o f 
cyclohexene to  form i t s  corresponding a l l y l i c  hydroperoxide. Complex 
(B) (complex o f molybdenum or vanadium) was capable o f c a ta ly s in g  the  
s e le c tiv e  h e te ro ly tic  epoxidation o f tlie o le f in  by th e  hydroperoxide 
formed in  s i t u .  I t  i s  believed  th a t ,  in  th ese  c a ta ly t ic  system s, the  
two complexes a c t se p a ra te ly  to  give r i s e  to  a stepw ise mechanism where 
th e re  are  two c le a r ly  defined  p ro cesses, eacli corresponding to  one w ell 
defined  c a ta ly s t .
S tab le  metal-oxygen complexes o f group (VIII) m etals have been used 
and i t  has been suggested th a t  these  complexes may c a ta ly se  au to x id a tio n s  
v ia  tlie d i r e c t  t r a n s f e r  o f  oxygen from the  metal-oxygen complex to  th e  
s u b s tra te . Such c a ta ly s ts  are g en era lly  phosphine con tain ing  complexes
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o f rhodium, irid iu m , osmium, platinum  and palladium . These complexes 
f i r s t  prepared  by Vaska^^^’^^^ are  capable of adding oxygen re v e rs ib le  
to  the  coo rd ina tion  sphere o f the  m etal.
The ro le  o f tliese low v a le n t phosphine t r a n s i t io n  m etal complexes 
in  o le f in  epoxidation  has been in te rp re te d  in  a number o f ways.
1 O Q _ 1  'Z'l
Several workers favour a d ire c t  oxygen t r a n s f e r  mechanism,
although th is  has been d ispu ted . Van Gaal e t  a l  rep o rted  th a t  
the irid iu m /e th y len e  complex IV in d ica te d  in  Eqn. 11 .1 .3 .2 (1 ) re a c ts  
w ith m olecular ox>^gen to  give a complex (V) which con ta ins both 
coord inated  ox>''gen and o le f in  and may be considered  as a model complex 
fo r  an in te rm ed ia te  in  tlie ox ida tion  o f o le f in s .
/ G ,
Ir C k  I , 0
o  '  5^?
pphj
(IV) (V)
Eqa. 1 1 .1 .3 .2 (1 )
128 129Takao e t  a l  ’ have in v e s tig a te d  th e  ox id a tio n  o f s ty rene  in
the  presence o f irid ium  (I) and rhodium (I) complexes and have 
suggested th a t  the c a ta ly t ic  a c t iv i ty  i s  due to  coo rd ina tion  o f 
oxygen a t  tlie m etal cen tre  which causes an in creased  oxygen-oxygen 
bond len g th  and enlianced r e a c t iv i ty  w ith  the  o le f in .
Fusi e t  a l^^^  rep o rted  th a t  the  ox id a tio n  o f cyclohexene, using  
phosphine-containing complexes o f rhodium, irid ium  and platinum  
proceeds v ia  a ra d ic a l re a c tio n  involving the hem olytic decom position 
o f tlie in term ed ia te  hydroperoxide.
Ill
Several rep o rts  have observed unusually  high y ie ld s  o f epoxides 
which could not be accounted fo r  by ra d ic a l  re a c tio n s . Lyons and 
Turnerl34,135 suggested th a t  the r e s u l ts  ob tained  in  such in v e s tig a tio n s  
are  c o n s is te n t w ith  a m echanistic pathway in  which the  i n i t i a l  s tep  i s  
the au to x id a tio n  o f the o le f in  to  form an a l l y l i c  hydroperoxide and a 
subsequent h e te ro ly tic  epoxidation  s tep  ca ta ly se d  by the  m etal 
complexes. Tliis is  comparable w ith  th e  mechanism observed fo r 
complexes o f molybdenum, vanadium and tungsten  although i t  i s  no t 
c le a r  why c e r ta in  low v a len t t r a n s i t io n  m etal phosphine complexes 
behave under c e r ta in  circum stances in  th is  manner.
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QiAPTER I I  SECTION 2 
I I . 2. R esults and D iscussion
I I . 2 . I L is t o f c a ta ly s ts  used fo r  ep o x id atio n .
For b re v ity , a l l  c a ta ly s ts  used fo r  epoxidation  in  th is  sec tio n  
w ill  be re fe r re d  to  by the numerals l i s t e d  below:
I . Molybdenum hexacarbonyl.
I I .  Nblybdenyl ace ty lace to n a te .
I I I .  Sodium molybdate (V I).
IV. Sodium molybdate (VI) and I8-Crown-6.
V. I^blybdenum (VI) oxide.
VI. cis-B is(s^+)propane-I,2-dioIato)dioxom oIybdenum  (V I).
V II. cis-Bis^propane-1,2-diolatoJdioxom olybdenum  (VI).
V III . {cis-B isrD (-)butane-2,3-dioIato]dioxom olybdenum  (VT)-D(-)
Butane 2 ,3d io l}  (1 :1 ).
IX. (cis-B is[butane-2,3-dioIatoldioxom oIybdenum  (VI)-Butane 2,3
 ^ d io l}  (1 :2 ).
X. c is -B is [b u ta n e -1 , 3 -d io la to j dioxomolybdenum (V I).
XI. c is -B is  [phenyl e th an e-1 ,2 -diolatojdioxomolybdenum (VI).
X II. c is-B is[s(+ )-2 -am in o -I-p h en y l propane-1,3-dioIatoJdioxom olybdenum  (VI)
X III. c is -B is [ r ( - ) - 2-amino-l-butanatoJdioxomolybdenum (VI).
XIV. p-Oxo-Bis [oxo [2 ,3-dim ethyl- 2 ,3-D (-) butane-23-d io l a to  (1-)]
[2,3-dimetîiyl-2,3-D(-)butane-2,3-diolato(2-)M molybdenum  (VI) .
XV. p - 0X0-B is[oxo[2 ,3 -dim ethyI-2 ,3 -bu tane-2 ,3 -d io la to (1- ) J
[2,3-dim etTiyl-2,3-butane-2,3-diolato(2-)]jm olybdenum  (VI) .
XVI. p-Oxo-Bis [o x o [b u tan e-1 ,2 -d io la to (I-)]  [b u tan e-1 ,2 -d io la to (2 -)J j
molybdenum (VI) .
XVII. Potassium tr ic a rb o n y l-L -h is tid in a to  molybdenum (VI).
XVIII. Potassium tr ic a rb o n y l-L -h is tid in a to  molybdenum I(VI) and 18-
Cro\\n-6.
XIX. Potassium h istid in a to trio x o m o ly b d a te  (VI)-W ater (1 :1 ) .
XX. Potassium h istid in a to trio x o m o ly b d a te  (VI)-W ater (1:1) and 18-
Crown-6.
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11.2 ,2  C a ta ly tic  A c tiv ity  o f  Various Compounds on Fom ation o f 
Decene Oxide^.





I 0.0660 97 7.4g (95%)
II 0.0815 90 6.8g (87%)
I I I 0.0515 28 1.9g (24%)
IV 0.0515 39 3.0g (38%)
V 0.0360 65 5.1g (65%)
VI 0.0695 94 7.2g (93%)
VII 0.0695 93 6.8g (87%)
V III 0.0991 89 6.8g (87%)
IX 0.1216 87 6.7g (86%)
X 0.0765 83 6.2g (80%)
XI 0.1006 96 7.2g (93%)
XII 0.1151 71 5.4g (69%)
XIII 0.0755 75 5.6g (72%)
XIV 0.1482 94 7.0g (90%)
XV 0.1482 94 7.0g (90%)
XVI 0.1482 92 6.9g (89%)
XVII 0.0933 9 0.6g  ( 8%)
XVIII 0.0933 33 2.4g (31%)
XIX 0.0843 7 0 .5g  ( 6%)
XX 0.0843 33 2.3g (30%)
a See Section  11 .3 .2f fo r  experim ental d e ta i l s .
b Conversion obtained  by g lc using  trid ec an e  as an in te rn a l  standard ,
c Iso la te d  y ie ld s  ob tained  by vacuum d i s t i l l a t i o n .
Table 11 .2 .2 (1)
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I I . 2.5 C a ta ly tic  A c tiv ity  o f Various Compounds on Formation o f 
Dodecene Oxide^.





I 0.0660 89 8.1g (88%)
II 0.0815 86 7.7g (84%)
I I I 0.0515 26 2.1g (23%)
IV 0.0515 35 3.1g (34%)
V 0.0360 64 5.8g (63%)
VI 0.0695 90 8.1g (88%)
VII 0.0695 89 8.0g (87%)
V III 0.0991 83 7.4g (80%)
IX 0.1216 81 7.4g (80%)
X 0.0765 78 7.1g (77%)
XI 0.1006 89 7.9g (86%)
XII 0.1151 69 6.2g (67%)
XIII 0.0755 69 6.3g (68%)
XIV 0.1482 89 8.0g (87%)
XV 0.1482 88 8.0g (87%)
XVI 0.1482 85 7.7g (84%)
XVII 0.0933 8 0 .6g  ( 6%)
XVIII 0.0933 29 2.3g (25%)
XIX 0.0843 5 0 .4g  ( 4%)
XX 0.0843 29 2.6g (28%)
a See Section  I I .3 .2 f  fo r  experim ental d e ta i l s ,
b Conversion obtained  by using  te trad ecan e  as an in te rn a l standard ,
c Iso la te d  y ie ld s  obtained  by vacuum d i s t i l l a t i o n
Table 11.2 .3(1)
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11.2.4(1) Molybdenum ca ta ly sed  epoxidation  o f 1-Decene and 1-Dodecene.
The k in e tic s  o f  the epoxidation o f  1-decene and 1-dodecene w ith  
te r t - b u ty l  hydroperoxide a t 70° in  the presence o f various molybdenum 
c a ta ly s ts  were s tu d ied . A ll the  re a c tio n s  were followed by measuring 
the r a te  o f  disappearance o f the  hydroperoxide by iodom etric t i t r a t i o n .  
The rea c tio n  r a te  is  f i r s t  o rder in  te r t - b u ty l  hydroperoxide, o le f in  
and molybdenum c a ta ly s t  Eqn. 1 1 .2 .4 (1 ).
[d epoxide]
Rate = -----------------  = k.[TBIIP] [O lefin] [C atalyst] Eqn. 11.2 .4(1)
d t
As long as the c a ta ly s t  remains unchanged during the re a c tio n ,
Eqn. 11 .2 .4(1) reduces to :
Rate = k2 [O lefin] [TBHP] Eqn. 11.2 .4(2)
which fo r  a high o lefin /hydroperox ide  r a t i o ,  reduces fu r th e r  to  
the  p s e u d o -f irs t  o rd er ra te  equation .
Rate = k^[TBIIP] Eqn. 11 .2 .4 (3)
where k^=k2 [O lefin] = k^ [Catalyst] [O lefin]
The ra te s  o f  epoxidation  fo r  1-decene and 1-dodecene using  
d i f f e r e n t  molybdenum c a ta ly s ts ,  summarised on Tables 11 .2 .4 (1) and
11 .2 .4(2) were com patible fo r  equim olar co n cen tra tio n s  o f  the 
re a c ta n ts (F ig . 1 1 .2 .4 (1 )) . hlien a te n - fo ld  excess (see F ig. 1 1 .2 .4 (2 )) 
o f  su b s tra te  over te r t - b u ty l  hydroperoxide was used, the  epoxide
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s e le c t iv i ty  was h igh , dem onstrating th a t  hydroperoxide decomposition 
was in s ig n if ic a n t  ( th is  a lso  being v e r i f ie d  by the  concen tra tion  
o f te r t-b u ta n o l being ^ 100 tim es le s s  than th a t  o f the  epoxide on 
the g lc  t r a c e ) .  From Tables 11 .2 .4(1) and 1 1 .2 .4 (2 ), the  o v e ra ll 
r a te  co n stan ts  fo r s im ila r  types o f c a ta ly s ts  give th e  same order 
o f  magnitude.
Other w orkers^’^^ ’^^’ ^ ^ '^ ^ ’^^ concluded th a t  the r a te s  and 
s e le c t iv i t i e s  o f m etal ca ta ly sed  epoxidation  w ith  hydroperoxides 
in crease  as the o le f in  becomes more s u b s ti tu te d  w ith  a lk y l groups, 
dem onstrating th a t the a c tiv e  epoxid ising  agent i s  an e le c tro p h i l ic  
sp ec ies . The comparison o f r e la t iv e  ra te s  o f  epoxidation  fo r  
1-dccene and 1-dodecene fo r  comparative experim ents u sing  various 
molybdenum complexes show th a t the  r a te  o f  epoxidation  fo r  1-decene 
is  f a s te r  - th is  probably being so due to  s te r i c  fa c to rs .
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using  various 
CATALYST
molybdenum c a ta ly s ts .
k^xlO^/s ^mol ^dm  ^
1-DECENE






















[olefin] = 0.1 mol dm ^
[FBI IP] 0.1 mol dm ^
[CATALYST] = 10 ' ^ mol dm ^
Table 11 .2 .4 (1)
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~3 -1Observed r a te  co n stan ts  k^xlO / s  fo r  1-decene and 1-dodecene 
using various Molybdenum c a ta ly s ts ^ .
CATALYST k^xlO ^ /s   ^ fo r  1-decene k^xlO ^ / s  ^ fo r  1-dodecene
I 1.58 1.57
II 1.52 1.45


















^ C alcu la ted  f i r s t  o rd er r a te  co n stan ts  fo r  hydroperoxide
d isappearance. For o v e ra ll r a te  constan t k^, d iv ide  by the 
product o f  the  co n cen tra tio n  o f  o le f in  tim es c a ta ly s t .
[TBHP] = 0.01 mol dm'-'’ [OLEFIN] = 0 .1  mol d n '^
[catalyst] = 2x10-4 mol
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Fig. 11 .2 .4 (1) Reaction o f te r t - b u ty l  hydroperoxide w ith  1-decene (0) 
and 1-dodecene (X) in  1,2 d ich lo roethane a t  70^ in  the  
presence o f C a ta ly st (XI) (TBHP 0.111; o le f in  O.IM; 
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Fig. 11 .2 .4(2) Reaction o f t e r t - b u ty l  hydroperoxide w ith  1-decene in
1,2 d ich loroethane a t  70° in  the  presence o f C a ta ly s t XI 
(TBIIP O.OIM; 1-decene O.IM C a ta ly s t O.OOOIM).
121
I I . 2 .4 .2  Dependence on c a ta ly s t  c o n c en tra tio n .
P a ra l le l  experim ents w ith  the  same i n i t i a l  concen tra tions o f 
o le f in  and te r t - b u ty l  hydroperoxide, bu t d if f e r in g  concen tra tions o f  
molybdenum c a ta ly s t  in d ica te  a f i r s t  o rder dependence on molybdenum 
co n cen tra tio n s , see Tables 11 .2 .4(4) and 1 1 .2 .4 (4 ).
For C a ta ly s t XI, using  1-decene as su b s tra te  the  values given 
in  Table 11 .2 .4 (3) confirm  th is  f i r s t  o rder dependence approxim ately.













Table 11 .2 .4(3)
For a l l  the  o th e r  c a ta ly s ts ,  th e  r a te  co n stan ts  a re  summarised 
in  Tables 11 .2 .4 (4 ) and 1 1 .2 .4 (5 ).
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Observed ra te  co n s ta n ts , k^xlO /M s ob tained  fo r  1-decene using  
d if f e re n t  co n cen tra tions o f C a ta ly s t^ .
CATALYST
CONCENTRATION OF CATALYST/mol dm
-4 -4 -41x10 ^ 2x10 4x10 ^
I 0.78 1.54 3.16
II  0.72 1.50 3.12
I I I  0.52 0.95 1.79
IV 0.52 0.97 1.85
V 0.49 0.96 1.90
VI 0.81 1.66 3.27
VII 0.81 1.65 3.26
VIII 0.78 1.60 3.19
IX 0.77 1.56 3.16
X 0.79 1.61 3.24
XI 0.89 1.64 3.34
XII 0 .70 1.50 2.97
XIII 0.71 1.48 2.99
XIV 0.73 1.56 3.15
XV 0.77 1.53 3.15
XVI 0.76 1.50 3.12
XVII 0.39 0.80 1.62
XVIII 0 .43  0.85 1.68
XIX 0.40  0.79 1.64
XX 0.44 0.84 1.71
^ C alcu lated  second o rder r a te  co n stan ts  fo r  hydroperoxide
disappearance. For o v e ra ll  r a te  constan t k^, d iv id e  k2 by the 
co n cen tra tio n  o f c a ta ly s t .
[TBIIPj = 0 .1  mol dm’ ^ [DECENE] = 0.1 mol dm"^
Table 11 .2 .4(4)
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“2 “X “XObserved r a te  co n s ta n ts , k^xlO /M s obtained  fo r  1-dodecene using  
d if f e r e n t  co n cen tra tio n s  o f C a ta ly s t^ .
CATALYST
CONCENTRATION OF CATALYST/mol dm* 
1x10"^ 2x10"^ 4xlO"4
I 0.72 1.49 2.95
II  0.73 1.47 2.94
I I I  0.40 0.77 1.59
IV 0.41 0.79 1.64
V 0.43 0.83 1.69
VI 0.74 1.50 2.99
VII 0.73 1.47 2.98
V III 0 .72 1.45 2.92
IX 0.73 1.45 2.90
X 0.76 1.54 3.05
XI 0.77 1.57 3.07
XII 0.71 1.44 2.85
XIII 0.71 1.43 2.86
XIV 0.75 1.49 2.96
XV 0.76 1.50 2.95
XVI 0.73 1.51 2.95
XVII 0 .36 0.69 1.40
XVIII 0 .40  0.72 1.44
XIX 0.38 0.75 1.44
XX 0.42 0.77 1.46
^ C alcu lated  second o rder r a te  co n stan ts  fo r  hydroperoxide
disappearance. For o v e ra ll  r a te  constan t k^, d iv ide  k2 by the  
con cen tra tio n  o f  c a ta ly s t .
[tBIIP] = 0 .1  mol dm"^ [DECENE] = 0 .1  mol dm'^
Table 11 .2 .4 (5)
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[t b ip ]
M-1
1 4 0 . 0 0  - -
120.00 - -
100 . 00  —
6 0 . 0 0  - -
6 0 .  00
4 0 . 0 0  —
2 0 . 0 0  —
0.00
0.00 20 .00 60'. 004 0 . 0 0 8 0 . 0 0 100.00 120.00
Time/mins
F ig . 11 .2 .4(3) Reaction o f te r t - b u ty l  hydroperoxide w itli 1-decene in
1,2 dichloroetliane a t  70° in  th e  presence o f C a ta ly s t XI 
(0 = 0.0004M; # = 0.0002M; X = O.OOOIM); 1-decene O.IM; 
TBIIP O.IM). ,
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I I . 2 .4 .5  Reactions o f molybdenum complexes w ith te r t- b u ty l  
hydroperoxide in  th e  absence o f o le f in .
A p lo t o f In [TBini] ag a in s t time fo r  the decompositon of 
te r t - b u ty l  hydroperoxide by molybdenum complexes in  the  absence o f 
o le f in  gave a s tr a ig h t  l in e .  The grad ien ts o f  the p lo ts  are  summarised 
as o v e ra ll r a te  co n stan ts  in  Table 1 1 .2 .4 (6 ). hhiat i s  apparent from 
Table 11 .2 .4(6) is  the r a te  o f  decom position o f t e r t - b u ty l  hydroperoxide 
is  about ten  tim es slow er than th a t  o f  epoxidation  (c f  Table 1 1 .2 .4 (1 )) .
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O verall r a te  co nstan ts  fo r molybdenum ca ta ly sed  decomposition o f 























a C alcu la ted  f i r s t  o rd er p lo ts  fo r  hydroperoxide disappearance,
[TBIIPJ = 0 .1  mol dm"^ [CATALYST] = lO"* mol dm'^
Table 11 .2 .4(6)
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II.2.4.4 Conclusions
The r e s u l ts  are  c o n s is te n t w ith  Scheme VI, involving two competing 
re ac tio n s  -  molybdenum ca ta ly sed  homo ly t i c  decomposition o f  the  
hydroperoxide and molybdenum ca ta ly sed  epoxidation .
Scheme VI
\T f a s t
Mo'^  + RO2H ------- > Mo + RO' + HO" Eqn. 11.2 .4(4)
+ RO '^ + H Eqn. 11 .2 .4(5)
+ RO^ H
C—C+R3H # b ^ ^  Eqn. 11 .2 .4(6)
hfolybdenum ca ta ly sed  hom olytic decom position i s  i n i t i a t e d  by
e le c tro n  t r a n s f e r  re a c tio n s  o f  Nfo (V) and (VI) complexes o f
hydroperoxides. Hie hydroperoxide decom position fo r  C a ta ly s ts  XIV-XVI
(in c lu s iv e ) i s  f a s te r  than th a t  ob tained  fo r  a l l  th e  o th e r  c a ta ly s ts .  
48Previous work concluded th a t  the dimer complexes decomposed to  give 
th e  alkoxy ra d ic a ls ,  th e  re a c tio n  fo r  C a ta ly s t XIV being described  
by Eq. 1 1 .2 .4 (7 ).
(to203£0CH(CH3)CH(CH3)(^{0CH(CH3)CH(CH3)0H] 2RO2H
2
2{Nb02-E0CH(CH3)CH(CH3)0H]2} + 2R0" + IO2 Eqn. 11 .2 .4(7)
Hence, the  re a c tio n  described  by Eqn. 11 .2 .4 (4) w il l  be f a s te r  
than th a t  d escribed  by Eqn. 1 1 .2 .4 (5 ), th e  l a t t e r  being the  r a te  
determ ining s te p . Homolytic decom position i s  commonly found when
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c o b a lt ,  iron  and manganese are  used as m etal c a ta ly s ts  -  th is  being 
due to  the high ox ida tion  p o te n tia l  between d if fe r in g  ox idation  
s ta te s  which e x is t  in  these m eta ls . The o x id a tio n  p o te n tia l  o f  th e  
to  (V I)/to  (V) couple i s  low (~ 0.2V)^^^.
The molybdenum ca ta ly sed  epoxidations show a small induction  
period  during which the ra te s  are  d i f f e r e n t  bu t a f t e r  th i s  induction  
period  is  over, s e t t l e  to  s im ila r  va lues. This i s  in  agreement w ith  
previous s tu d ies^^  where i t  was rep o rted  th a t  th e  c a ta ly s t  was 
m odified to  the  same s tru c tu re .
K ith the  hydroperoxide being a strong  o x id is in g  ag en t, i t  i s  
h igh ly  u n lik e ly  th a t  complexes would be reduced in  these
experim ents. Hence i f  the a c tiv e  c a ta ly s t  i s  the  same in  a l l  these  
re a c tio n s , i t  must be a ^b^^ sp ec ies . Complex foim ation between 
th e  m etal c a ta ly s t  and the  hydroperoxide renders the  pero x id ic  
oxygens more e le c tro p h i l ic  and hence, more l i a b le  to  a tta c k  by an 
o le f in ic  double bond. In so doing, the  c a ta ly s t  a c ts  as a Lewis 
ac id .
A p o ss ib le  mechanism fo r  the  m etal c a ta ly sed  epoxidation  i s  
















RO^ H 0 H
R
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CHAPTER I I  SECTION 3
I I . 3.1 P u r if ic a tio n  o f reagen ts 
D iethyl e th e r  was d ried  over sodium w ire.
1 ,2 -d ich lo roe thane  was d ried  over calcium  hydride and d i s t i l l e d  
under n itro g en . I t  was then s to red  over m olecular sieves (type 4A). 
T e rt-b u ty l hyproperoxide (TBHP)
Tlie TBHP used was TBHP-70 (30% W/W H^O) (A ld rich ). The w ater 
was removed by the follow ing method:-
TBHP-70 (100 cm^) and 170 cm  ^ o f reagen t grade 1,2 d ich loroethane 
were combined in  a 11 sep a ra tio n  funnel and s\\rirled (not v igourously) 
fo r  1 min. The organic phase i s  poured in to  a 500 cm  ^ round bottomed 
f la sk . A few b o ilin g  stones were added and the  so lu tio n  d i s t i l l e d  
in  a steam bath . The e a r l i e r  f ra c t io n  was cloudy and separated  in  
the  c o lle c tio n  v esse l in to  organ ic  and aqueous la y e rs . A fte r  ca.
70 cm  ^ o f so lven t was removed, th e  d i s t i l l a t e  became c le a r  and 
homogeneous. A to ta l  o f  ca. 98 cm  ^ o f  d i s t i l l a t e  was c o lle c te d , 
leav ing  ca. 159 cm  ^ o f an arüiydrous so lu tio n  o f TBHP in  d ich lo roe thane. 
The anhydrous TBHP so lu tio n  was allowed to  cool befo re  s to r in g .
I I . 3.2 General Experim ental Methods
I I . 3 .2a Measurement o f  con cen tra tio n  o f  'Anhydrous TBHP-70' 
u sing  iodom etric method.
3 3To a m ixture o f  g la c ia l  a c e tic  ac id  (2 cm ) and isopropanol (25 cm )
in  a 250 cm volum etric f la s k  was added 10 cm o f  f re sh ly  prepared
3
sodium iod ide-isopropano l so lu tio n  (22g sodium iodide in  100 cm 
isopropano l, re f lu x  fo r  5 mins, cool to  room tem perature and then  
f i l t e r ) . To th i s  was added an accu ra te ly  measured sample o f  TBHP
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3
so lu tio n . The so lu tio n  was re flu x ed  fo r  30 sec. , d ilu te d  w ith  100 cm 
o f  d i s t i l l e d  w ate r, then immediately t i t r a t e d  w ith  0-lN sodium th io -  
su lp h a te . F reshly  prepared s ta rc h  so lu tio n  was used to  enhance the 
end-poin t.
Tlie co n cen tra tion  is  c a lcu la te d  according to  th e  e q u a tio n :-
SXM
M olarity  o f TBHP so lu tio n  = --------?------------------------------
2x(cm o f sample o f  TBHP)
S = Volume o f  sodium th io su lp h a te  used as t i t r e .
M = M olarity  o f sodium th io su lp h a te .
I I . 3 .2b Measurement o f concen tra tion  o f ^Anhydrous TBHP-70* 
using  ^H nmr.
The values ob tained  by ^H nmr were w ith in  (±6%) agreement w ith 
those ob tained  by t i t r a t i o n .
The te r t - b u ty l  resonance i s  a t  1.25ppm, 1 ,2 -d ich lo roethane 




A = In te g ra l h e ig h t o f  te r t - b u ty l  resonance 
B = In te g ra l h e ig h t o f  1 ,2 -d ich lo roe thane  resonance.
11 .3 .2c NMR
^H and nmr samples were run o f a Brüker spectrom eter a t  
400.13MIZ and 100.62 Mlz re sp e c tiv e ly . In a l l  c a ses , CDCl  ^ was the 
so lv en t used.
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II. 3. 2d GC/MS
A Pye Unicam 104, in te rfa c e d  to  a Kratos MS25 m ass-spectrom eter 
was used fo r  a n a ly s is  o f a l l  p roducts. E lectron-Im pact (E .I .)  mass- 
sp e c tra  were recorded. 
g lc  cond itions
Column : OVIOI 
Column leng th  : 2.8m 
Column diam eter : 0.5mm 
C arrie r  gas : Helium
Column Temperature : Decene Oxide 120° (iso therm al)
Dodcene Oxide 140° (iso therm al)
I I .3 .2 e  GLC
A Varian AU3900 gas l iq u id  chromatograph was used. 
g lc  cond itions
Column : SE30 C ap illa ry  Column
Column leng th  : 25m
Column diam eter : 0.25 mm I.D .
C a rr ie r  gas : Helium 
S p l i t t e r  r a t io  : 30:1
Column Conditions : a) Decene Oxide, b) Dodecene Oxide.
a) 120 b) 150
^  0  - I10 min 10 min
2 mins 2 mins 
90°
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I I .3 .2 f  Experimental d e ta i l s  fo r  epoxidation reac tio n s
A ll glassw are was thoroughly d rie d  overn ight in  an oven. In 
a l l  cases, standard  Q uickfit glassw are was used.
To a 250 cm  ^ th re e  neck round bottomed f la sk  f i t t e d  w ith  a 
te f lo n  magnetic s t i r r e r ,  re f lu x  condenser, a 250 cm  ^ dropping funnel 
and a n itro g en  in le t  was added o le f in  (0.05 m o l.) , c a ta ly s t  (0.125 mmol.), 
f re s h ly  ground anliydrous disodium hydrogen phosphate (0.35 mmol.) and 
100 cm  ^ o f 1,2 d ich lo roethane. The dropping funnel was charged w ith  
TBIIP (24.5 cm^, 0.05 m ol.) p rev io u sly  prepared  by the  method described  
in  Section  I I . 3 .1 , the  e n t i r e  system being m aintained under n itro g en .
Tlie re a c tio n  was brought to  a g en tle  re f lu x  upon which dropwise ad d itio n  
o f the  TBHP was commenced (during the ad d itio n  o f TBHP, the  hea t source 
was removed), hhen the TBHP ad d itio n  was com pleted, the  hea t source 
was reap p lied  to  the  re a c tio n  v e s se l, th e  re f lu x  being m aintained fo r  
10 h r.
The re a c tio n  v esse l was then cooled in  an ice  bath  and 150 cm  ^
o f  a f re s h ly  prepared  10% so lu tio n  o f  sodium su lp h ite  was added dropwise 
w ith  s t i r r i n g .  A fte r th e  ad d itio n  was com pleted, the  ice  b a th  was 
removed and the  s t i r r i n g  continued fo r  3 h r . a t  autogenous tem perature.
At th is  p o in t ,  the  o rganic phase ought to  give an eg a tiv e  peroxide 
t e s t  using  a c id if ie d  s ta rc h  iod ide  t e s t  paper (TBHP re a c ts  very  slow ly 
w ith  s ta r tc h - io d id e  t e s t  paper, th e re fo re  th e  commercially a v a ila b le  
s ta rc h  iodide t e s t  paper is  a c id if ie d  w ith  a few drops o f 1-3M hydro- 
d i lo r ic  ac id  s o lu tio n ) . I f  the  t e s t  was p o s it iv e ,  a d d itio n a l aqueous 
s u l f i t e  so lu tio n  was added and s t i r r i n g  continued t i l l  th e  t e s t  proved 
n eg a tiv e .
The aqueous and o rgan ic  lay e rs  were then  separa ted  and th e  milky 
w hite o rgan ic  la y e r  was ex tra c te d  tw ice w ith  100 cm  ^ w ater and once
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w ith 100 cm  ^ b r in e , d rie d  (magnesium sulphate) and concentrated  to  
give an o i l .  The o i l  was d i s t i l l e d  under vacuum to  give the  pure 
epoxide.
I I . 3 .3  K inetic  measurements
A ll glassw are was thoroughly d rie d  overn igh t in  an oven. In 
a l l  c a ses , s tandard  Q u ick fit glassw are was used. The reactionsw ere 
c a rr ie d  out under an atmosphere o f  n itro g en .
50 cm  ^ o f a so lu tio n  o f  TBIIP (10 mmol.) and o le f in  (100 mmol.) 
in  1 ,2 -d ich lo ro eth an e  (100 cm^) was warmed to  70°. The c a ta ly s t  
(1 X 10  ^ m o l., 2 X 10 ^ m o l., 4 x 10”^ mol) was added to  th e  so lu tio n  
w ith  s t i r r i n g .  A liquots (10 cm^) were removed a t  re g u la r  in te rv a ls  
and added to  a m ixture o f  a c e tic  ac id  (10 cm^) and a s a tu ra te d  aqueous 
so lu tio n  o f sodium iodide (2 cm^). The m ixture was allowed to  stand  
fo r  15 min. and the  l ib e ra te d  iodine t i t r a t e d  w ith  O.IN sodium 
th io su lp h a te  so lu tio n . The r a te  o f appearance o f epoxide was 
follow ed by quenching the re a c tio n  a liq u o ts  w ith  excess triphenylphosphine 
and analysing  fo r  epoxide by g lc  using  chlorobenzene as an in te rn a l 
standard .
g lc  co nd itions fo r  K inetics
A Pye Unicam GCD105 gas chromatograph was used.
Column : 10% Carbowax 20M (Chromasorb W A1\0
oD etecto r Temp : 230 
In je c to r  Tenp : 240°
Length o f  Column : 2.8m 
Column Diameter ; 0.4mm
Column Temp : a) For Decene Oxide 120° (iso therm al)
b) For Dodecene Oxide 140° (iso therm al)
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The ra te s  o f  hydroperoxide disappearance in  th e  absence o f  o le f in  
were measured by the procedure described  in  Section  I I . 3 .2a.
Equimolar concen tra tions o f  TBHP (lOOmmol) and o le f in  (lOOmmol) 
in  1 ,2d ich loroethane (150 cm^) was warmed to  70°. 10 ^mol o f c a ta ly s t
was added to  the  so lu tio n  w ith s t i r r i n g .  A liquots (10 cm^) were 
removed a t  re g u la r  in te rv a ls  and measured fo r  th e  r a te  o f disappearance 
o f hydroperoxide by the procedure described  in  S ection  I I . 3 .2a.
A p lo t  o f  TBHP vs time gave a s t r a ig h t  l in e ,  in  accord w ith 
a f i r s t - o r d e r  dependence in  both o le f in  and hydroperoxide.
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I I . 3.4 Spectroscopic Data
I I .3 .4 a  400.13 Mlz ^nmr spectrum o f  Decene Oxide
4 ^   ^ 2 1 / "  
H3C-(CH2)-HC— c' V  H
2.44ppm, d .d ; Jj^^A = 3.0Hz, = 5.0Hz
2.72ppm, d .d ; Jj^^B = 4.5Hz, = 5.0Hz
2 . 88ppm, m.
^ (012)7  1.26ppm, m.
0.86ppm, t ;  J  = 6.5Hz.
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I I .3 .4 b  400.13Miz nmr spectrum o f Dodecene Oxide
■Q 2.42ppm, d .d ; = 3.0Hz, = 5.0Hz
2.70ppm, d .d ; dpg^B=4. OHz, = 5.0Hz
^ai 2.86ppm, m.
(^012) g 1.24ppm, m.



































SO 40 30 20 10PPM
( i )  100.61MIZ DEPT spectrum o f  Dodecene Oxide in  CDCl^-
30 10204050 PPM
( i i )  100.61Miz C{ H} spectrum o f  Dodecene Oxide in  CDCl^



















Chapter I I I
ASYMMETRIC EPOXIDATION 
USING MOLl^ DENUNl CATALYSTS
145
Q-IAPTER III SECTION 1
I I I . l .  INTRODUCTION
Emil F ischer was the f i r s t  person to  o u tlin e  the  concept o f 
asymmetric sy n th es is  which he based on h is  experim ents in  the conversion 
o f one sugar to  the  next h igher homolog v ia  the  cyanohydrin reactioiil'^^ . 
Since th en , chem ists have sought to  induce asymmetry in to  organic 
re a c tio n s . In the  in te rim , our knowledge o f  c h ir a l  inducing
re a c tio n s  has g re a tly  in creased , though no t as ra p id ly  as our
r  u- -I 139,140acquaintance o f a c h ira l  re ac tio n s
R esolu tions and asymmetric inductions are  the  methods most
freq u en tly  used fo r  ob ta in ing  c h ir a l  compounds 140,141^
R esolutions involve the  physica l o r chemical sep a ra tio n  o f
enantiom eric p a ir s .  However, re so lu tio n s  s u f fe r  from the lim ita tio n
th a t  only f i f t y  p e r-cen t o f  the s ta r t in g  m a te r ia l i s  u t i l i s e d .
A syim etric in d u c tio n s, a re  those rea c tio n s  which produce an
o p t ic a l ly  a c tiv e  cen tre  from a symmetrical but p ro c h ira l cen tre  o r
group. P o te n tia l ly ,  a l l  o f  the s ta r t in g  m a te ria l can be converted
in to  th e  d es ired  product. However, asymmetric induction  reac tio n s
a lso  p resen t d i f f i c u l t  problems : -
i )  Since th e  ex ten t o f  o p tic a l  induction  i s  a function  o f
energy d iffe ren ce  in  th e  competing d iastereom eric
t r a n s i t io n  s ta te s  (AAG^), the  o p tic a l  inductions
cannot be in creased  w ithout changing the n a tu re  o f the
re a c tio n .
i i )  Tlie re  has to  be a known c h ira l  inducing rea c tio n  fo r
the d e s ired  tran sfo rm atio n .
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However, fo r  both re so lu tio n s  and asymmetric in d u c tio n s , an
asymmetric reagent i s  necessary . The most economical use o f  th is
141
req u ired  ’sp e c ie s ' i s  through c a ta ly s is .  Bredig and Fiske ren o rted  
th e  f i r s t  example o f  c a ta ly t ic  asymmetric induction  by using  o p t ic a l ly  
a c tiv e  amines to  c a ta ly se  the form ation o f c h ir a l  cyanohydrins. I t  
was not t i l l  very  re c e n tly  th a t c a ta ly t ic  asymmetric expoxidation 
systems have been rep o rted . Many o x id a tio n  re a c tio n s , tend  to  destroy  
c h ira l  c en tre s  ra th e r  than generate them - epoxidation  however, i s  an 
exception .
ITie epoxide is  one o f  the  most im portant and v e r s a t i le  fu n c tio n ­
a l i t i e s  in  o rgan ic  chem istry 142,143 sy n th e tic  importance o f the 
epoxide group is  due to  the  ex isten ce  o f reg io  and s te re o s e le c tiv e  
methods both fo r  co n s tru c tio n  and c o n tro ll in g  i t s  subsequent re a c tio n s . 
Mien the  face o f  an o le f in  i s  oxygenated, Eqn. 111 .1 (1 ), one ( i f  R^^R2 , 
^3”^4  ^ o r  two ( i f  Rp^R2^^3^^4) p o te n t ia l ly  c h ir a l  cen tre s  are  generated. 
Hence, the  simple transfo rm ation  from a p ro c h ira l o le f in  in to  a c h ira l  
epoxide would have g rea t p o te n tia l  in  asymmetric sy n th es is .
R , R . 
>
r/  R, Rf ' r,
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The f i r s t  example o f an asymmetric epoxidation was rep o rted  by 
144,145
Henbest e t  a l  in  1965. This involved the  re a c tio n  o f (+)-mono-
peroxycamphoric ac id , Fig. 111.1(1) w ith  various m ono-substitu ted 




amount o f asymmetric induction  achieved was 4%. Since th e  o r ig in a l
re p o rts  o f  Henbest e t  a l  144,145^^^ asymmetric epoxidation  o f o le f in s
146-153
w ith  c h ir a l  peroxyacids has been app lied  by sev era l werkers
152The b e s t asymmetric induction  observed was 10% , even though a wide
154v a r ie ty  o f  c h ir a l  peroxyacids has been te s te d . P irk le  and R inald i 
found th a t  the usual method o f  p rep a ra tio n  o f  (+ )-mono-peroxycamphoric 
ac id  y ie ld s  a m ixture o f peroxyacids as w ell as a small amount o f 
b is  peroxy a c id , Eqn. 111 .1(2). A fte r  se p a ra tio n , i t  was found th a t
HO
( I I I )( I I )
Eqn. 111.1(2)
148
from Eq. 111 .1(2), (I) and ( I I )  induceopposite s tereochem istry  in  
sev era l cases, and th a t  the use o f p u r if ie d  (I) led  to  h igher asymmetric 
induction . However, th is  method s t i l l  g ives c h ir a l  epoxides w ith 
o p tic a l  p u r ity  le s s  than 10%.
The base ca ta ly sed  epoxidation  o f  j^-menthyl a lky lidene-cyanoaceta tes  
w ith H202/Na2WO^  y ie lded  o p t ic a l ly  a c tiv e  epoxides Eqn. 111.1(3), 
although the percentage o f enantiom eric excess i s  u n k n o w n ^ .
1. H2O /Na2m^
\  2 . KOH





Q iira l t e i t a r y  amines were used to  c a ta ly se  the  re a c tio n  betw^een
m olecular oxygen and (1-p h en y l-a lk y lid e n e )m a lo -n itr ile s  to  give low
le v e ls  o f  enantiom eric excess (<10%)^^^.
Another base ca ta ly sed  epoxidation  used hydrogen peroxide o r
te r t - b u ty l  hydroperoxide along w ith  a q u a rtem ary  ammonium s a l t  o f
quinine a c tin g  as a p h a se -tra n s fe r  reagen t Eqn. 111 .1(4). The
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e .e .  = 25%
149
The f i r s t  examples o f metal ca ta ly sed  asymmetric hydroperoxide
18epoxidations were rep o rted  independantly  by Yamada e t  a l and Sharpless
 ^ ,158e t  a l
Yamada and coworkers^^*^^'^^^ ex p lo ited  th e  use o f  an asymmetric 
c a ta ly s t  to  minimise the  lo ss  o f  p rec ious c h ir a l  source. They 
asym m etrically epoxidised a l l y l i c  a lcoho ls w ith  cumene hydroperoxide 
Eqn. 111.1(5) in  the presence o f a c h ir a l  molybdenum c a ta ly s t ,  
(ace ty la ce to n a to )-(-)-N -a lk y le p h e d rin a to  dioxomolybdenum. Fig. 111.1(2).
C H 3 R
O
^  II  y R' = Me,Et
F ig. 111.1(2)
Tlius, epoxidation  o f  3-M ethyl-2-b u te n e - l-o l gave th e  epoxide w ith an 
enantiom eric excess o f 33% Eqn. 111.1(5)
CH;OH CH;OH
> = <   > > - A
H H,C V
Eqn. 111.1(5)
Vanadium, in  the  presence o f  c h ir a l  hydroxamic a c id , Fig. 111 .1 (3 ), 
ca ta ly sed  the asymmetric epoxidation  o f a l l y l i c  a lcoho ls Using
150
N — C
R = Ql^; Ph; 2,6-Me2Ph
Fig. 111.1(3)
th is  method, a-phenylcinnamyl alcohol was asym m etrically epoxidised 
to  y ie ld  epoxy a lco h o ls , w ith  an enantiom eric excess o f 50% (Eqn. 
1 1 1 .1 (6 )).
0 ^  / 0
H C H 2O H  V  C H 2OH
C — C
e .e .  = 50%
Eqn. 111.1(6)
160
Kagan e t  a l rep o rted  the asymmetric epoxid ation  o f o le f in s  
using  Molybdenum (VI) oxodiperoxo complexes, Mb0 (02 ) 2p (L=pyridine 









Tlie epoxidation o f t r a n s - 2-butene afforded  th e  c h ir a l  trans-d im ethy l 
oxirane with an enantiom eric excess o f  35% (Eqn. 111 .1 (7 )).
H,C
H
H Fig. 111.1(4) H
C H 3 N itrobenzene 
20° / lb a r
H ^ C H
Hydrocarbon o le f in s  were epoxid ised  by te r t - b u ty l  hydroperoxide
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w ith Nfo (VI) c a ta ly s ts  in  th e  presence o f  o p tic a l ly  a c tiv e  d io ls  
Tlie b e s t induction  was obtained  in  th e  presence o f  (+ )-d iisop ropy l 








Oshiina e t  a l , su c ce ss fu lly  epoxid ised  and then a c e ty la ted  
g eran io l and a-phenyl cinnamyl alcohol to  th e i r  epoxy e s te r s ,  Fig. 
111.1(5) and Fig. 111.1(6) re sp e c tiv e ly . Asymmetric epoxidation was 
achieved by the use o f aluminium alkoxides w ith  te r t- b u ty l
I< Q ^ 0 C C H 3  ^CHaOCCH
e .e .  — 38%e .e .  = 34%
Fig . 111.1(5) 111-1(6)
hydroperoxide in  th e  presence o f the c h ir a l  lig an d  Fig. 111 .1(7).
COCF3
Fig. 111.1(7)
The asymmetric epoxidation  o f o le f in s  w ith  c h ira l  a-amino
hydroperoxides and c h ir a l  hydroperoxy k e ta ls  and orthoform ates gave
163
a t b e s t an enantiom eric excess o f  5%
164
Sharp less and Katsuki rep o rted  a major breakthrough in  which 
g e ran io l was asym m etrically  epoxid ised  to  2 (S ), 3 (5 )-epoxy g e ra n io l, 
g iv ing  an enantiom eric excess o f  87%. The system they used was 
titan iu m  te tra iso p ro p o x id e  in  th e  presence o f c h ir a l  t a r t a r i c  ac id
153
esters and tert-butyl hydroperoxide (Scheme I).
Scheme I
Ti(0^Pr)4/TBiIP/(+}-D iethyl t a r t r a t e ,  CH^Cl^.-ZCP
Without excep tion , a l l  the  v a rio u s ly  s u b s t i tu te d  prim ary a l l y l i c
a lcoho ls  s tu d ied  were asym m etrically epoxid ised  y ie ld in g  epoxy alcoho ls
w ith high enantiom eric excess. They a lso  found th a t  the  stereochem ical
outcome was com pletely p re d ic ta b le , u t i l i s i n g  the simple model in  
1 2Fig. 111.1(8) (R ,R =H). When t a r t r a t e  e s te r s  derived  from n a tu ra l ly  
occuring L - ( + ) - ta r ta r ic  ac id  were used , epoxidation  always occured on 
the  bottom face o f  the o le f in  Fig. 111 .1 (8 ), whereas e s te rs  derived  
from the unnatu ra l D - ( - ) - t a r ta r ic  a c id , d ire c te d  epoxidation  on to  the 
upper face .
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Sharpless and coworker^^^ found th a t  secondary a l l y l i c  a lcohols 
were k ln e t ic a l ly  reso lved  under the  same co n d itio n s. Hence when 
cyclohexylpropenyl-carb ino l was reac ted  under the  cond itions described
D (-)-d ie th y l t a r t r a t e  (unnatural)
OH
:0
L -(+)-d ie th y l t a r t r a t e  (n a tu ra l)
F ig . 111.1(8)
in  Eqn. 111 .1(9), th e  recovered unreacted  alcohol was found to  be 
> 961 o p t ic a l ly  pure.
1 ea .T ifO ^P rlj
1.2 eq L-(+)-DIPT 




S te re o s e le c t iv i ty  was a lso  observed in the epoxyalcohol products as 
dep ic ted  in  Scheme I I .
Scheme II
( S) -enanl iomer
( L ) - ( + ) - D I P T
erythro
9 8 : 2
( L) - ( + l -  DI P T
( R)- e n an t i o mer
e r y t h r o
H
r' h
t h r e  0
4 -
t h r e  0
H
3 8 : 6 2
By stopping the re a c tio n  a t  v arious degrees o f  com pletion, th e
ery tho  and th reo  epoxy a lcoho ls  could be iso la te d  w ith  high enantiom eric
excess. This new k in e tic  re so lu tio n  p ro cess , provides an e x c e llen t
ro u te  to  o p t ic a l ly  pure a l l y l i c  a lco h o ls . In  another paper by Sharpless 
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and coworkers , i t  was shown th a t  the  k in e t ic  re so lu tio n  was not 
r e s t r i c t e d  to  secondary a l l y l i c  a locho ls  in  which the  c h i r a l i ty  re s id e s  
a t  the ca rb in o l carbon. Amongst the  k in e t ic  re so lu tio n s  p resen ted
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include the  re so lu tio n s  o f a l le n ic  a lco h o ls , a -a c e ty le n ic  c a rb in o ls , 
3-hydroxy s u lf id e s  and d ieno ls  ,
Tlie 2,3-epoxy alcohol m oiety i s  a u se fu l s u b s tra te  fo r  nucleo- 
p h i l ic  ring-opening  re a c tio n  There are  th re e  re a c tiv e  s t i e s
fo r  n u c leo p h ilic  s u b s ti tu tio n  in  a 2,3-epoxy a lco h o l. Fig. 111.1(9)
Fig. 111.1(9)
S u b s titu tio n  a t C-1 a r is e s  by v ir tu e  o f  the  Payne rearrangem ent 
in  which an equ ilib riu m  is  e s ta b lish e d  between (I) and i t s  1,2-epoxy 





rearrangem ent(I) ( II )
OH OH
R
( I I )
opoiung. R
( I I I )
Scheme ( I I I )
Typical n u c leoph iles  include PhS~, , CN and TsNH .
Suppressing the Payne rearrangem ent by use o f  bu ffered  co n d itio n s , 
d ire c ts  the n u c leo p h ilic  a tta ck  to  C-2 and C-3. However, c e r ta in  
reagen ts which a re  d e liv e red  in tram o lecu la rly  by v ir tu e  o f attaclm ient
157
to  the hydroxyl can ex h ib it higli s e le c t iv i ty  for C-2. Ring opening 
reac tio n s  o f 2,3-epoxy alcohols w ith ex te rn a l nucleophiles may lead 
to  s e le c tiv e  a tta ck s  a t e i th e r  C-2 o r C-3. hhen the su b s titu en t on 
C-3 is  not s te r i c a l ly  demanding and does not ex e rt an e le c tro n -  
withdrawing inductive  e f f e c t ,  th e re  is  a p reference fo r ring  opening 
a t C-3. However, when R is  s te r ic a l ly  demanding and/or in d u ctiv e ly  
e le c tro n  withdrawing, the favoured approach is  to  C-2.
2,3-Opoxy a c e ta ls  appear to  be opened a t  C-3 by a v a r ie ty  o f 
n u c leo p h iles , 2,3-epoxy acids a t  C-2 while the 2,3-epoxy amides a t 
c-3  ^^^(Scheme IV).
Scheme IV
N u^
o OR Nu OR
C-1
c-2
C-2 and/or C-3* 
"C 2 : C-3 ratio depends  
markedly on the R group 
in the epoxy alcohol.
”'V^CO,H
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Also ca ta logued  is  an ex ten siv e  l i s t  o f  compounds sy n th esised
using  asymmetric epox idation  as a s tep^^^ .
169Coleman-Kammula and Duim-Koolstra asym m etrically  epoxid ised  
3-M ethy l~2-bu tene-l-o l u sing  cumene hydroperoxide and (ace ty lace to n a to ) 
(L-N m ethylprolinol)dioxom olybdenum  (V I), F ig . 111 .1(10), o b ta in in g  
an enan tiom eric  excess o f  50%.
Fig. 111.1(10)
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Davis e t  a l ' describ ed  th e  sy n th e s is  o f  a new c la s s  o f  
o p t ic a l ly  a c tiv e  o x id is in g  re a g e n ts , c h i r a l - 2 - (d-a-bromo-7T- 
cam p h o rsu lp h o n y l-3 -(2 -ch lo ro -5 -n itro p h en y l)o x az irid in e  (F ig. I I I . 1(11) 
and F ig. 1 1 1 .1 (1 2 )). These reag en ts  s u c c e ss fu lly  epoxid ised  various 
o le f in s  w ith  d i f f e r in g  success.
, « S  . V i'/*
R - S O ^  O  H R -S O ^
( : ) ( s , s )  W(R,R)
Fig . 111.1(11) F ig . 111.1(12}
Ar — 2 -ch lo ro -5 -n itro p h en y l
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The b e s t enantiom eric excess value was ob tained  fo r  1 ,2-epoxy-l 





Ï )  +  R S O ,N = C H A r
e .e .  = 401
Eqn. 111.1(10)
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CHAPTER I I I  SECTION 2 
I I I . 2 R esults and D iscussion
111.2.1 L is t o f  c a ta ly s ts  used fo r  asymmetric epoxidation
For b re v ity , a l l  c a ta ly s ts  used fo r  asymmetric epoxidation in  th is  
se c tio n  w il l  be re fe r re d  to  by the  a lphabet.
A. c is -B is ( d ( - ) b u tan e-2 ,3 -d io la to J  dioxomolybdenum(VI)-D(-)
Butane 2 ,3 ~ d io l ( i ; i ) .
B. p-Oxo-Bis 0^X0 [2 , 3 -d im ethy l-2 , 3-D( - ) bu tan e-2 , 3 -d io la to (1 -)J  
[2 , 3-d im ethyl-2 ,3-D ( - ) butane-2,3-diolatoC2-)jJmolybdenum(VT) .
C. (cis-B is(sC +)phenyl ethane-1,2-diolatoJdioxom olybdenum (V I)}.
D. (c is-B is^ S (+ )2 (-)am in o -l-p h en y lp ro p an e-l,3 -d io la to J  
dioxomolybdenum(VI)}.
E. (cis-B is^S(+)propane-1,2-diolatoJdioxom olybdenum (V I}}.
P. (c is -B is  ^R(-)2(-)am ino-l-butanatoJdioxom olybdenum (VI)}.
111.2.2 Temperature S tudies
The t r a n s i t io n  s ta te  d iscussed  in  Chapter I I . 1 .2 .1  showed the 
ac tiv e  c a ta ly s t  complexed w ith  both  the  o le f in  (or a l l y l i c  alcohol) 
and the  hydroperoxide befo re  th e  double bond i s  ox id ised . Hence, 
the  d iastereo m eric  t r a n s i t io n  s ta te s  a re  c o n tro ll in g  fa c to rs  in  the  
stereochem ical course o f the  re a c tio n . In th ese  p ro cesses , the  
ground s ta te  f re e  energ ies o f the re a c ta n ts  fo r  the  competing 
pathways must be id e n tic a l  (AG®=0). Only the fre e  energ ies o f
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a c t iv a t io n  (AG^)of the two pathways d i f f e r ,  th e  ex ten t o f  asymmetric 
transfo rm ation  depends only upon th e  d iffe re n ce  in  th e  fre e  energies 
(AAG )^ o f th e  competing pathways.
Fig. 111.2 .2(1) shows the  k in e t ic a l ly  co n tro lle d  asymmetric process 
in  which the re a c ta n t ,  a^ , gives s te reo iso m eric  products and 
in  unequal q u a n ti t ie s .  The stereo isom er A£ i s  formed predom inantly because 
AG2 < AG^i; A2 rep re sen ts  the le s s  s ta b le  stereo isom er in  case I 
and the more s ta b le  isomer in  case I I .
A
A
( I I )
Reaction Coordinate
Fig. 111.2.2(1)
O ptim ising re a c tio n  cond itions o fte n  creates  problems. Several 
independent studies^^^'^^^*^^^*^^^ concluded th a t  a marked in crease  in
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enantiom eric excess i s  observed in  reducing the  re a c tio n  r a te  by
lowering the tem perature. However, th i s  led  to  a drop in  chemical
conversion. This tren d  was observed in  a l l  the  experiments c a r r ie d
o u t, an example o f which a t  60° and 28-32° i s  shown in  Fig. 111.2.2(2)
and Fig. 11 1 .2 .2 .(3 ) using  C a ta ly s t C and g e ran io l. Another
observa tion  from Fig. 111.2.2(2) i s  the drop in  enantiom eric excess a t
60° a f t e r  approxim ately 4 h r s . ,  from e .e .  21% to  10%. This could
be due to  the  d é c h ira iis a t io n  o f  the c a ta ly s t  th a t  can occur e i th e r
by the re v e rs ib le  replacem ent o f  th e  c h ir a l  lig an d  by product alcohol
(Eqn. 1 1 .1 .2 (3 ))^ ^  o r by rea c tio n  w ith  th e  epoxide to  foim Mo(VI)
33d io l complexes .
The pure epoxy a lcoho ls iso la te d  from the  re a c tio n  a t  28-32° were
172converted in to  d iastereom eric  e s te r s  o f  >foshers ac id  . The
19d iastereom eric  ra tio s  determ ined by F nmr, F ig. 1 1 1 .2 .2 (4 ), were in  
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III.2.5a Asymmetric Epoxidation of Geraniol
Tables I I I .2 .3 (1 ) and 111.2.3(2) show d ata  obtained using  s im ila r  
re a c tio n  c o n d itio n s , the only d iffe re n c e  being choice of so lv en t. The 
performance o f C a ta ly s ts  D, E and F i s  no t appreciab ly  a ffe c te d  by a 
change o f so lv en t. This i s  probably because th ese  th re e  c a ta ly s ts  are 
no t very  so lub le  in  e i th e r  o f the  so lv en ts  -  a r e f le c t io n  o f which is  
seen in  low o p tic a l  y ie ld s . However, th i s  does no t apply to  C a ta ly sts  
A, B and C. For C a ta ly s t A, the asymmetric bias i s  h igher in  eye lohexane 
w hile fo r  C a ta ly s ts  B and C, the  p reference  i s  fo r  1 ,2 -d ich loroethane 
These d if fé re n c ie s  in  s te r e o s e le c t iv i ty  w ith  so lv en t change must be 
due to  the  p r e fe r e n t ia l  so lv a tio n  o f  one o f th e  competing t r a n s i t io n  
s ta te s .
As d iscussed  in  the  se c tio n  on tem perature s tu d ie s  ( I I I . 2 .2 ) ,  
lowering the re a c tio n  r a te  leads to  an in crease  in  enantiom eric excess 
and a drop in  chemical conversion. This i s  c le a r ly  observed when the 
d a ta  in  Table 11 1 .2 .3 .(3 ) i s  compared w ith  Tables 111 .2 .3 .(1 ) and 
1 1 1 .2 .3 .(3 ) . However th i s  could become counterproductive as seen by 
Table 111.2 .3(4) where lowering the tem perature to  -20° gave th e  b e s t 
chemical conversion o f only 6%.
The o p tic a l  y ie ld s  ob tained  by C a ta ly s ts  B (e .e  69%) and C (e .e  60%) 
are  h ig h er than any o f  the d a ta  ob tained  by previous workers using  
molybdenum complexes -  the previous b e s t  g iv ing  an o p tic a l  y ie ld  o f 
50% 1S3
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III.2.5b Asymmetric Epoxidation of 5-Methyl-2-butene-l-ol
As d iscussed  in  Section I I I . 2 .3a (above), the  same tren d s are  
followed when 3 -m eth y l-2 -b u ten e-l-o l i s  epoxidised. However, from 
Tables 111.2.3(5) and 1 1 1 .2 .3 (6 ), the  s tr ik in g  fea tu re  i s  the h igher 
chemical conversion and enantiom eric excess obtained  by C ata ly s ts  A,
B and C using 2-M ethyl-2 -bu tene-l-o l as s u b s tra te  (c f  g e ra n io l) . Using 
C a ta ly s ts  D, E and F, s im ila r  enantiom eric excess i s  achieved w ith 
3 -M ethy l-2 -bu tene-l-o l and g eran io l bu t h igher chemical conversions 
are  obtained  w ith  3 -M ethy l-2 -bu tene-l-o l. The h igher chemical 
conversion could imply th a t  th e re  i s  a g re a te r  s te r i c  e f fe c t  in  
g e ran io l.
In s p i te  o f tlie low co n cen tra tions o f c a ta ly s t used in  th e  
asymmetric epoxidation  summarised in  Tables 111.2 .3(1) -  111.2.3(8) 
in c lu s iv e , the enantiom eric excess values ob ta ined  tend to  be 
favourable i\hen compared w ith o th e r groups^^*^^^*^^^ w^here considerab ly
la rg e r  amounts o f  c a ta ly s t  was employed.
173 174Sharpless * found th a t  (+ )-2 ,3 -bu tane d io l as a lig an d  gave a t  
b e s t an enantiom eric excess o f 10%. However, in  th i s  study , the  b e s t 
value ob tained  was 70% using  C a ta ly s t A. One o f the  problems posed in  
p rep arin g  the d io l c a ta ly s ts  was g e tt in g  r id  o f the excess d io l -  
th i s  being done as described  e a r l i e r  in  S ection  I . 3 .2a. F a ilin g  to  
follow  th e  process described  in  Section  I . 3 .2a in e v ita b ly  led  to  a 
la rg e  excess o f  d io l in  the  re a c tio n  medium which presumably in h ib ite d  
th e  form ation o f the  epoxide (Section  I I . 1 .2 .2 ) .
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111.2.3c Asymmetric Epoxidation o f 1-Methylcyclohexene 
See Tables 111.2.3(7) and 11 1 .2 .3 (8 ).
Asymmetric Epoxidation o f Geraniol (Ig , 6 . Smmole) a t  28-32° using 
1 ,2-dichloroethane as so lven t .
Reaction Time 48 h r.
Ib le  e q u iv a l.o f  
C a ta ly s t C a ta ly s t to  su b s tra te
Chemical O ptical
Yield/% (C,CHC1^) yield/%
A 0.02 50 -0 .48°(19 .5 ) 7
B 0.02 55 -1 .50°(52 .0 ) 21
C 0.02 53 +2.29°(42.2) 31
D 0.02 46 0 .2 9 °  (10.3) 4
E 0.02 48 +0.29°(82.1) 4
F 0.02 46 -0.05°(121.5) 1
C alcu la ted  by g lc , th e  p ercen t o f  epoxy a lcohol product p lus the
percen t o f  unreacted  a l l y l i c  alcohol equals 100%.
Expressed as p ercen t enantiom eric excess. The o p tic a l  r o ta tio n  o f
o p t ic a l ly  pure 2 ,3 -g e ran io l oxide was determ ined to  be 
20 _  ^ 18[a]p  = +7.33°(CHCl3)
Table 111.2 .3(1)
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Asymmetric Epoxidation o f Geraniol ( Ig , 6 . Smmole) a t  28-32° 
using  eyelohexane as so lv e n t.
Reaction Time 48hr.
C ata ly st
lb  le  equival. o f 
C a ta ly s t to  s u b s tra te
Chemical O ptical
Yield/% M u  CC,01013) Yield/%
A 0 .0 2 51 -1 .91°(48 .1 ) 26
B 0 .0 2 52 -0 .46°(66 .1 ) 6
C 0 .0 2 52 0 .5 3 °  (49.2) 7
D 0 .0 2 47 +0.15°(6.8) 2
E 0 .0 2 48 +0.36°(66.1) 5
F 0 .0 2 46 _0.16°(12.3) 2
C alcu la ted  by g lc , the  percen t o f  epoxy a lcoho l product p lu s the
percen t o f  unreacted  a l l y l i c  alcohol equals 100%.
Expressed as percen t enantiom eric excess. The o p tic a l  ro ta tio n  o f
o p t ic a l ly  pure 2 ,3 -g e r a n io l  oxide was determ ined to  be 
20 ___ . 0 _____  . 18[a ]p  = +7.33°(CHCl3)
Table 111 .2 .3(2).
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Asymmetric Epoxidation of Geraniol (Ig, 6.5mmole) at 5 .
Reaction Time 14 days.
Ib le  equ iva l. o f 
C a ta ly s t C a ta ly s t to  su b s tra te
Chemical^ yr O ptical^
Yield/% (C^CHCl^) yield/%
A° 0.02 33 -2 .79°(22 .2 ) 38
B 0.02 36 -5 .04°(27 .8 ) 69
C 0.02 36 +4.39°(5.8) 60
D 0.02 29 0 .3 5 °  (18.6) 5
E 0.02 30 +0.42°(31.2) 6
F 0.02 28 -0.18° (14.8) 3
C alcu la ted  by g lc , the  percen t o f  epoxy a lcohol product p lus the 
p ercen t o f  unreacted  a l l y l i c  alcohol equals 100%.
Expressed as p ercen t enantiom eric excess. The o p tic a l  r o ta tio n  o f 
o p t ic a l ly  pure 2 ,3 -g e ran io l oxide was determ ined to  be 
[ a j p °  = + 7 . 3 3 °  ( a O j ) .




Asymmetric Expoxidation of Geraniol (Ig, G.Smmole) at -20 .
Reaction Time 20 days.
These experim ents were abandoned as th e  y ie ld s  of the re a c tio n  
were extrem ely low, making is o la t io n  o f a s u f f ic ie n t  q u a n tity  o f pure 
g e ran io l oxide to  measure enantiom eric excess d i f f i c u l t .  However, 
epoxide y ie ld s  were as fo llo w s:-
C ata ly st
lb  le  equ iva len t o f 









C alcu la ted  by g lc ,  the percen t o f  epoxy alcohol product p lus the  
p ercen t o f  unreacted  a l l y l i c  alcohol equals 100%.
With the exception o f  C a ta ly s t A, th e  so lven t used fo r  the  




Asymmetric Epoxidation o f 3-Methyl-■2-butene-l-ol (Ig , 11 .61mmole) a t 23-4°
R eaction Time 48 h r.
C a ta ly s t Mole equ iva l. o f Chemical^ [ a fh c .C H C l,) O ptical^
C a ta ly s t to  su b s tra te Yield/% u o Yield/%
A° 0.02 54 -8 .50°(52 .4 ) 46
A 0.02 53 -0 .69°(49 .1 ) 4
B 0.02 55 -2 .22°(38 .4 ) 12
C 0.02 58 +11.42°(18.9) 62
D 0.02 43 +0.46° (26.8) 3
E 0.02 46 +0.31°(44.9) 2
F 0.02 49 -0 .75°(74 .2 ) 4
^ C alcu la ted  by g lc , the  p ercen t o f  epoxy a lcohol product p lu s the 
p ercen t o f  unreacted  a l l y l i c  alcohol equals 100%.
^ Expressed as a p e rcen t enantiom eric excess. The o p tic a l  ro ta tio n  o f
o p t ic a l ly  pure 3-methyl-2 -b u te n e - l-o l oxide was determ ined to  be 
[a ]p°=  +18.4° ( a O j )
Solvent used was cyclohexane. In a l l  o th e r examples, 1 , 2 -d id ilo ro e th an e  
was used as so lv en t.
Table 111.2.3(5)
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Asymmetric Epoxidation of 3-Methyl-2-butene-l-ol (Ig, ll.ôlTnmôle) at 5 .
Reaction Time 14 days.
C a ta ly s t
Mble equ iva l. o f 
C a ta ly s t to  su b s tra te
Chemical' O p tical
Yield/% I-“ Jd (c.CHClj) Yield/%
A° 0.02 41 -12.95°(11.3) 70
B 0.02 42 -11.11°(15.9) 60
C 0.02 42 +15.67°(13.4) 85
D 0.02 37 +1.06°(38.3) 6
E 0.02 38 0 .5 5 ° ( 4 .  5) 3
F 0.02 36 -0 .96°(16 .0 ) 5
C alcu la ted  by g lc ,  the  p ercen t o f  epoxy alcohol product p lus the  
p ercen t o f  unreacted  a l l y l i c  a lcohol equals 100%.
Expressed as a percen t enantiom eric excess. The o p tic a l  r o ta tio n  o f 
o p t ic a l ly  pure 3 -m eth y l-2 -b u ten e-l-o l oxide was determ ined to  be 
[c^°= +18.4° (QlCl^f.^
With the exception o f C a ta ly s t A, the  so lv en t used fo r  the  re a c tio n s  
was 1 ,2 -d ich loroethane. For A, th e  so lven t used was cyclohexane.
Table 111.2.3(6)
174
A sy m étrie  Epoxidation o f l-M ethylçyclohexene (Ig , 10.39mmolé) a t  23.4^
Reaction Time 48 h r.
Mole eq u iv a l. o f  
C a ta ly s t C a ta ly s t to  su b s tra te
Chemical'
Yield/% (0 , 0 0 1 3 ) Y ie ld /
O ptical
A° 0.02 76 -1 .67°(18 .4 ) 9
B 0.02 81 -2 .23°(42 .6) 12
C 0.02 78 +7.17°(12.6) 38
D 0.02 65 +1.12°(18.3) 6
E 0.02 72 +0.75°(44.8) 4
F 0.02 69 - 0 . 9 f  (8.4) 5
C alcu la ted  by g lc , the  p ercen t o f  epoxy alcohol product p lu s the 
percen t o f  unreacted  a l l y l i c  alcohol equals 100%.
Expressed as percen t enantiom eric excess. The o p tic a l  ro ta tio n  o f  
o p t ic a l ly  pure 1-methylcyclohexene oxide was determ ined to  be
[ o^ Jd  = - 1 8 . 6 5 ° ( n e a t ) l G l .
With the exception  o f  C a ta ly s t A, the  so lv en t used fo r  the re a c tio n s  
was 1 ,2 -d id ilo ro e tlian e . For A, the  so lv en t used was cyclohexane.
Table 111.2.3(7).
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Asymmetric Epoxidation o f 1-Methylcyclohexene (Ig , 1 0 .59iiinole) a t  5°
Reaction Time 14 days.
C a ta ly s t
Mole equ iva l. o f 
C a ta ly s t to  su b s tra te
Chemical'
Yield/% [Glo^Cc.CHCl]) y ie ld /
O ptical
A^ 0 .0 2 65 -2 .98°(14 .3) 16
B 0 .0 2 68 -3 .54°(10 .1) 19
C 0 .0 2 64 +10.15°(18.6) 54
D 0 .0 2 58 +1.58°(11.3) 8
E 0 .0 2 60 +1.72°(12.4) 9
F 0 .0 2 55 -1 .43°(10 .3 ) 7
C alcu la ted  by g lc , the p ercen t o f expoxy alcohol product p lus the 
p ercen t o f  unreacted  a l l y l i c  a lcohol equals 100%.
Expressed as p ercen t enantiom eric excess. The o p tic a l  ro ta tio n  
o f o p t ic a l ly  pure 1-Methylcyclohexene oxide was determ ined to  be 
[ a ] p ^  = - 1 8 . 6 5 ° ( n e a t ) ^ ^ ^ .
With th e  exception  o f C a ta ly s t A, the  so lven t used fo r  th e  




CHAPTER III SECTION 5
111.5.1 P u r if ic a tio n  o f reagen ts
Chloroform was d rie d  over calcium  hydride and d i s t i l l e d  under 
n itro g e n . I t  was then s to red  over m olecular sieves (type 4A).
Cyclohexane was d rie d  over calcium hydride and d i s t i l l e d  under 
n itro g en . I t  was then s to red  over m olecular s ieves (type 4A).
1 , 2-d ich lo ro e th an e  was d rie d  over calcium  hydride and d i s t i l l e d  
under n itro g e n . I t  was then s to re d  over m olecular sieves (type 4A).
Pet E ther (below 40) was d i s t i l l e d  over a 50 cm Vigreux column.
P yrid ine was d i s t i l l e d  over sodium hydroxide under n itro g e n . I t  
was then s to re d  over m olecular s iev es  (type 4A ).
Thionyl ch lo rid e  was d ried  by d i s t i l l a t i o n  from 10% (w/w) 
trip h en y l phosphite under n itro g en .
111.3.2 General Experimental Methods
M l glassw are was thoroughly d rie d  overn ight in  an oven. In 
a l l  c a se s , s tandard  Q u ick fit glassw are was used.
I I I . 3 .2 .a NMR
nmr samples in  CFCl^ were run on a Bruker spectrom eter
a t  235.36 IDlz.
and ^^C nmr samples in  CDCl  ^ were run on a Bruker 
spectrom eter a t  400.13 >Dlz and 100.62 MHz re sp e c tiv e ly .
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III.3.2b GC/MS
A Pye Unicam 104, in te rfa c e d  to  a Kratos MS25 mass 
spectrom eter was used fo r  an a ly s is  fo r  a l l  p roducts. E lectron- 
Impact (E .I .)  m ass-spectra  were recorded.
General g lc  cond itions
Column: 10% Carbowax 20M (Chromasorb WAW)
Length o f column: 2.8m 
Column diam eter: 0 .4  mm
Flow ra te  : 40 cm min”
Solvent: QlCl^
C a rrie r  gas -  Helium.
( i)  G eraniol oxide
Column Temperature 190° (iso therm al)
D etector Temperature 260°
In je c to r  Temperature 240°.
( i i )  3 -M ethy l-2 -bu tene-l-o l oxide
Column Temperature 160° (iso therm al)
D etector Temperature 240°
In je c to r  Temperature 220°.
( i i i )  1 -  Methy]çyclohexene oxide
Column Temperature 60° (iso therm al)
D etector Temperature 160°
In je c to r  Temperature 140°.
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III.3.2c Flash Chromatography
For a re ference  to  th is  technique, see the paper
by S t i l l  e t  a l .
Length o f column: 50 cm 
Diameter o f column: 25 mm 
Flow ra te  : 5 cm min~^.
Packing m a te ria l K ieselgel 60 Merck 9385 (230 - 400 m esh).
So1vent _Systems E thyl A cetate: Pet E ther (below 40)
( i)  G eraniol oxide 50:50
( i i )  3 -M ethy l-2-bu tene-l-o l oxide 60:40
( i i i )  1-M ethylcyclohexene oxide 25:75
I I I . 3.2d Thin lay e r chromatography
POLYGRAM^  SIL G (0.25 mm S il ic a  Gel) p la te s  were used.
Solvent Systems 
( i)  G eraniol oxide
Ethyl A cetate Pet E ther (below 40) 50:50 
D etector:
Tlie t i c  p la te  was sprayed w ith  a so lu tio n  o f 0.05% F luorescein  
in  w ater and then exposed to  bromine vapour.
This gives a yellow spot on a pink background.
1 77( i i )  3 -M ethy l-2 -bu tene-l-o l oxide
The developing system was Petroleum E ther (20 - 40°) - 
d ie th y l e th e r  -  a c e tic  ac id  (75 :25 :1 ). A fte r developing, 
the  p la te  was sprayed thoroughly w ith  0.05M p ic r ic  ac id  in  
95% ethano l and immediately p laced  in  a tank sa tu ra te d  w ith
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the vapour o f  d ie th y l e th e r  - 95% e th a n o l-a c e tic  ac id  
so lu tio n  (80 :20 :1). T h irty  minutes l a t e r ,  the p la te  
was removed and exposed to  ammonia fumes fo r  1-2  mins.
Tlie epoxide spot appeared as an orange spot on a 
yellow background.
( i i i )  1 -  Me thy Içyc lohexene oxide
Tlie same method as th a t  used fo r  3 -M ethyl-2-bu tene-l-o l 
oxide was used fo r  1 , Methylcyclohexene oxide.
111.3.2e Measurement o f enantiom eric excess using a po la rim ete r 
A Perkin Elmer 241 P olarim eter was used to  measure 
enantiom eric excess. Approximately 200 mg o f pure epoxide was made 
up to  2 cm  ^ w ith dr>^  CliCl^. The o p tic a l  r o ta tio n  o f the epoxide 
was measured in  a p o la rim e tr ic  c e l l  ( leng th  = 1 dm) using  a sodium 
lamp (X = 589 nm).
19 1721 II.3 .2 T  Measurement o f  enantiom eric excess using  F nmr
Tlie values obtained  by ^^F nmr were con^ared w ith  those 
obtained  by p o larim etry . G enerally , good agreement w^ as obtained  
from both s e ts  of d a ta . However, o le f in s  could no t be measured 
by th is  method.
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P repara tion  o f (-)-a-m ethoxy-a-trifluo rom ethy lpheny lace ty l
1 77
ch lo rid e  [(-)-M rPA -Cl]
(-)-MrPA (5 g, 22.5 mmole), f re sh ly  d i s t i l l e d  th io n y l ch lo rid e  
(15 ml) and sodium ch lo rid e  (60 mg) were re flu x ed  to g e th e r fo r  
50 h r s . Excess th io n y l ch lo rid e  was removed under vacuum, the 
re s id u e , d i s t i l l e d  under vacuum to  give 5.2 g (90%), bp 53 - 57°
(1 mm).
nmr OMe, 5.4 ppm, 3 p ro tons; Ph, 7.5 ppm, 5 p ro tons.
P repara tion  o f e s te r  from (-)-NfTPA-Cl and a l l y l i c  a lcohol oxide fo r
1 9 r -  F nmr
In o rder to  measure enantiom eric excess by ^^F, the a l l y l i c  
a lcoho l oxide (I) was reac ted  w ith  (-)-MTPA-Cl(II) to  form the 
d iastereom eric  e s te rs  (IIIA ) and (IIIB ).
r' CHgOH OCH; r'





(-)-MTPA-Cl (0.045 g, 0.18 mmole) and the  pure a l l y l i c  
a lcohol oxide (0.15 mmole) ob tained  from the  asymmetric epoxidation  
o f the  a l l y l i c  alcohol were allowed to  stand  fo r  1 h r  in  0 .5  cm^  of 
dry p y rid in e . Water was added to  the cooled m ixture which was then 
e x tra c te d  w ith d ie th y l e th e r  (20cm ^. The e th e r  e x tra c t was 
washed su ccessiv e ly  w ith  w ater, d i lu te  sodium carbonate so lu tio n , 
d rie d  (MgSO )^ and evaporated to  give a re s id u a l o i l .  nmr
sliowed the  two enantiom ers.
I I I .5 .2 g  General Experimental Methods fo r  Asymmetric Epoxidation 
I I I .3 .2 g  ( i)  Reactions c a r r ie d  out a t  60-1°
S ubstra te
C ata ly st
TBHP
Solvent
Geraniol 3 -M ethyl-2 -bu tene-l-o l








To a th ree  necked 250 cn? round bottomed f la sk  charged w ith  a 
te f lo n  coated magnetic s t i r r e r  and thoroughly flu shed  w ith  n itro g en  
was added the  s u b s tra te , c a ta ly s t  and so lv e n t. Tlie re a c tio n  
m ixture was brought to  60°. Dropwise ad d itio n  o f TBHP was c a r r ie d  
out over 5 mins -  during the a d d itio n  o f TBHP, the source o f hea t 
was removed from the  re a c tio n  v e s se l. On th e  com pletion o f the 
TBHP a d d itio n , the  source o f hea t was tu rned  on and m aintained a t
60 -  1 .
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5 cm a liq u o ts  o f the  re a c tio n  m ixture were taken from the 
re a c tio n  v esse l every two hours fo r  n ine hours, c h il le d  in  ice  
and passed through a column packed w ith  F lo r i s i l  (Column diam eter 
1 cm, F lo r i s i l  packed up to  10 cm). The so lven t was then  removed
under vacuo and the  re s id u a l o i l  p u r if ie d  by f la sh  chromatography.
A ll measured y ie ld s  were c a rr ie d  out using the  re s id u a l o i l  and 
measured by g lc .
I I I .2 .3 g  ( i i )  Reactions c a rr ie d  out a t  28-32°, 23-24°, 5°, -20°
(Reactions c a rr ie d  out a t  5° and -20° were
performed in  constan t tem perature rooms).
Geraniol 3 -M ethy l-2 -bu tane-l-o l 1 , Methylcyclohexene
S ubstra te
C a ta ly s t
TBHP
Solvent












Length o f re a c tio n  times 
23-4° and 28-32° -  2 days 
5° -  14 days 
-20° -  30 days
To a B24 round bottomed f la sk  charged w ith  a te f lo n  coated 
magnetic s t i r r e r  was added the  s u b s tra te , c a ta ly s t ,  so lven t and 
TBHP. The m ixture was degassed by the  ’freeze-thaw ’ method and 
kept under n itro g en . A fte r te rm in a tin g  th e  re a c tio n , the  procedure 
fo r  th e  work-up was th e  same as th a t  described  in  I I I .3 .2 g  ( i ) .
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III.3.3 Spectroscopic Data
III.3.3a 400.13 MHz nmr spectrum of Geraniol Oxide
•c H h’c 
c = c  ,c—c
3.57 ppm, d .d
3.71 ppm, d .d
^ a i  2.90 ppm, d .d
JjgjA = 6.85 Hz, ^ 12.16 Hz; 1 proton
JjgjB = 3.98 Hz, = 12.15 Hz; 1 proton
= 4.12 Hz, = 6.77 Hz; 1 pro ton
^CH  ^ 1.56 ppm, m; 1 proton
1.40 ppm, m; 1 proton
^CIi2 2 .01  ppm, m; 2 protons
^ a i  4.99 ppm, t ;  J  = 7.12 Hz; 1 p ro ton
CH^  1.60 ppm o r 1.52 ppm, s ; 3 pro tons
^CH  ^ 1.21 ppm, s ; 3 protons
^^□13 1.52 ppm or 1.60 ppm, s ;  3 protons

























Fig. 1 1 1 .3 .3 .(2 ) 4 0 0 .1 3 M 1 Z  2D c o r re la tio n  o f G eraniol Oxide
1 8 6
I I I . 3 .3b 100.62 MHz runr spectrum of G eraniol Oxide









C-8 17.57 ppm o r 23.60 ppm
C-9 16.68 ppm


























3.64 ppm, d .d ; = 6.80 Hz, = 12.19 Hz; 1 pro ton
3.80 ppm, d .d ; = 4.20 Hz, dp^B  = 12.17 Hz; 1 pro ton
2.97 ppm, d .d ; = 6.78 Hz, J^^B = 4.21 Hz; 1 pro ton
^CH  ^ 1.29 ppm or 1.33 ppm, s ;  3 protons
1.33 ppm or 1.29 ppm, s ;  3 protons
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